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iAbstract
Rotorcraft operating in ground e®ect have been known to experience bene¯cial
performance e®ects as well as operational di±culties during low speed forward
°ight. While these have been attributed to the formation of the ground induced
wake, limited experimental investigations of the wake have been conducted. Di±-
culties in re-creating representative forward °ight ground boundary conditions in
wind tunnels have meant a lack of quantitative information on the ground e®ect
wake. This research is based on experimentally investigating the ground e®ect
wakes of rotors in forward °ight, to detail the °uid mechanics associated with the
ground e®ect wake and to identify the in°uence of rotor parameters and ground
boundary conditions on the formation of the ground e®ect wake. Particle Image
Velocimetry (PIV) tests were conducted on wide regions of the ground e®ect wake
produced by a rotor model in a wind tunnel ¯tted with a moving ground.
Results from this research showed the ground e®ect wake to consist of a °ow sep-
aration boundary and a region of recirculation, formed by the rotor tip vortex
system trailing along the ground plane. Unsteadiness of the wake was seen to
result in a constantly evolving wake, and this was observed to a®ect the classi-
¯cation of the ground e®ect °ow regimes. Flow visualisation experiments con-
ducted on the brownout phenomenon showed the ground e®ect wake features to
in°uence the dust pick-up and transport mechanisms involved in the dust cloud
formation. Experimental testing showed rotor parameters such as collective an-
gles, rotor trim settings, rotor ground distance and root cut-out ratios to cause
insigni¯cant changes to the °uid mechanics of the ground e®ect wake, a®ecting
only the location of the wake features. E®ects of ground boundary conditions on
the ground e®ect wake °uid mechanics were observed to be most signi¯cant, af-
fecting both the location and detailed structure of the wake features. Results from
this research show that ground e®ect experimental testing can be conducted in the
wind tunnel environment and highlight the importance of accurately representing
the ground boundary conditions during ground e®ect experimental testing.Acknowledgements
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Introduction
When a helicopter is operating close to the ground, it is said to be in ground
e®ect (IGE). Ground e®ect operations may include takeo® and landing routines,
operations in forward °ight and even hover near the ground. The presence of the
ground near the vicinity of the rotor has been known to alter its aerodynamics
from that commonly experienced out of ground e®ect (OGE). Most signi¯cantly,
ground e®ect operations have been seen to enhance the performance of rotors,
with the power required to produce identical levels of thrust signi¯cantly lower
compared to OGE °ight.
Ground e®ect operations have also been known to cause handling and operational
di±culties. Pilots' accounts of experiencing particular periods of handling di±cul-
ties, especially during slow transition °ights from hover in ground e®ect, re°ect
US military reports which show signi¯cant damage to helicopters and fatalities
because of ground e®ect related operations [1]. Ground e®ect operations have
also a®ected civilian helicopter operations, with statistics from the UK attribut-
ing 20% of all light helicopter accidents to handling issues during hover or low
speed forward °ight operations in ground e®ect [2]. Some of the ground e®ect
related di±culties highlighted in these documents include handling di±culties due
to cyclic trim adjustments required during ground e®ect transition °ights, hot gas
re-ingestions (especially in the case of VTOL aircraft) resulting in the loss of engine
performance [3], and loss of pilot visibility during speci¯c ground e®ect operations.
Helicopter operations in desert terrains is one example of ground e®ect operations
resulting in the loss of visibility. Commonly referred to as the brownout condition,
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it results in the loss of situational awareness due to the formation of huge clouds
of dust ahead of the helicopter, obstructing the pilot's view [4]. These dust clouds
have sometimes been observed to be large enough to engulf helicopters, causing
collisions and fatalities.
Research on rotors in ground e®ect has been conducted for many decades now, with
a wide range of experimental, numerical and computational studies undertaken to
understand the performance implications of helicopter ground e®ect operations.
While it has been understood through these studies that the performance bene-
¯ts experienced are a result of changes induced by the ground on the rotor wake,
lesser focus has been placed on the attempt to understand the evolution and for-
mation of the wake itself. Experimentally, ground e®ect wake research has been
further hindered by the ability in successfully re-creating accurate ground e®ect
conditions during the experiments. Limitations of experimental techniques that
have been employed to investigate the rotor wake thus far have also contributed to
the situation. Such issues have meant that experimental information available on
the ground e®ect wake of rotors are incomplete. Where available, they are mostly
focused on speci¯c features or regions of the wake. Di±culties in measuring ac-
curate °ow information from the highly three-dimensional and unsteady wake in
ground e®ect have made numerical and computational ground e®ect research the
most abundant source of information on the ground e®ect wake.
While simulation based research provides the best option to a complete, three-
dimensional analysis of the ground e®ect wake, most of these results still need to
be veri¯ed. Current veri¯cations have been based on limited °ight test data and
even more limited accurate experimental data. Most of the available experimental
data have additionally been focused on the salient features in the °ow-¯eld and
their in°uence on the rotor performance. Quantitative data on the formation of
these salient features, their evolution and impact on the surrounding °ow-¯eld
and near the ground have been limited, or in most cases, qualitatively inferred
from simple experimental visualisations in the past, restricting veri¯cation of the
ground e®ect wake formation and dynamics. The lack of understanding of the
ground e®ect wake and its surrounding °ow-¯eld have in general meant little un-
derstanding of other ground e®ect based phenomena; an example of this is the
brownout situation, mentioned previously. Little knowledge is thus far availableChapter 1. Introduction and Literature Review 3
on the dust pick-up and transport mechanisms resulting in the formation of large
dust clouds in these conditions.
Advances that have been made in technology and computing in recent times, have
meant that more advanced and accurate experimental techniques can now be em-
ployed for the measurements of highly complex °ow-¯elds. Non-invasive optical
experimental techniques such as Laser Doppler Velocimetry (LDV), Particle Image
Velocimetry (PIV) and Laser Light Sheet (LLS) techniques can now be exploited
to more accurately investigate highly unsteady °ows. Accessibility to these tech-
niques means that the ground e®ect wake of a rotor can now be experimentally
investigated to greater detail.
1.1 Scope of the Dissertation
One of the biggest challenge of rotor wakes in ground e®ect experimentation has
always been the ability to accurately simulate ground e®ect operations in a wind
tunnel environment. Unlike conventional rotorcraft experiments involving a model
and the freestream wind source (in the case of hover, even this is not required),
ground e®ect testing involves a third and important factor; the ground. The
necessity of accurately re-creating ground conditions within the experimental en-
vironment means that experiments of ground e®ect cannot be as simple as using
a conventional wind tunnel. Experiments done with just a rotor model ¯tted in a
wind tunnel with a static ground plane do not satisfy the conditions of simulating
a real helicopter moving over a stationary ground with a °ight velocity. In fact,
investigations of this nature are analogous to a hovering rotor over a stationary
ground plane, encountering a strong head wind. While the di®erence between the
two experimental scenarios is known, rectifying this in experimental situations is
not easily done.
Work carried out in this research attempts to contribute to the above-mentioned
limitations in rotor ground e®ect wake research through a set of well-conditioned
experiments. One of the primary goals of this research was to conduct experimen-
tal investigations on a rotor model to quantitatively investigate the ground e®ectChapter 1. Introduction and Literature Review 4
wake. Besides the salient features of the wake, information on the formation, struc-
ture and evolution of the °ow-¯eld was sought. With numerous research activities
already conducted on the performance implication of ground e®ect, this research
was constructed to focus solely on the °uid mechanics of the wake and its in°uence
on wide regions of the °ow surrounding the rotor. The need to investigate wide
regions of the °ow-¯eld meant that a suitable experimental technique needed to be
employed in this research. Both °ow visualisation and Particle Image Velocimetry
were chosen to provide quantitative and qualitative information of the °ow-¯eld.
Another objective of this research was to re-create, more accurately, ground ef-
fect forward °ight conditions in a wind tunnel environment. To achieve this, a
model rotor with trim capabilities had to be designed. More importantly, a re-
alistic representation of the ground boundary conditions was required for this to
be achieved. A wind tunnel ¯tted with a moving ground plane (rolling road) was
used to represent the ground conditions in forward °ight operations in ground
e®ect. Quantitative investigations of the wake were then conducted to establish
any di®erences between the resulting wake for the moving and ¯xed ground plane
con¯gurations.
In addition to these, the re-creation of the brownout phenomenon was also to
be attempted in a wind tunnel facility. This was to be performed to qualitatively
identify mechanisms which contribute to the formation of the dust cloud, a charac-
teristic feature of the helicopter ground e®ect wake during operations near erodible
ground surfaces.
1.2 Contributions of the Dissertation
Based on the above-mentioned objectives, this research on the ground e®ect wake
of rotors has made the following contributions:
1. The brownout phenomenon was re-created in an experimental facility with
the use of talcum powder to simulate ground debris. Flow visualisation
experiments conducted allowed for the identi¯cation of °ow structures andChapter 1. Introduction and Literature Review 5
dust transport mechanisms resulting in the formation of the dust cloud that
may lead to the so-called brownout phenomenon.
2. Quantitative investigations of wide areas of the ground e®ect wake of a rotor
were conducted in a wind tunnel using Particle Image Velocimetry. Three-
dimensional velocity information from the °ow-¯eld were used to identify the
ground e®ect wake features, their in°uence on the surrounding °ow-¯eld, and
was used in the de¯nition and classi¯cation of the ground e®ect °ow regimes.
3. E®ects of rotor parameters on the formation of the wake were characterised.
Factors such as rotor collective angles, rotor ground distances and blade
root cut-out ratios were seen to have little e®ect on the ground e®ect wake
structures. Rotor trim conditions de¯ned for this research was seen to cause
small changes to the location of the wake and the classi¯cation of the ground
e®ect °ow regimes.
4. The most prominent modi¯cation to the ground e®ect wake caused by wind
tunnel interference e®ects was a change in the °ow separation location, and
this was observed to occur most signi¯cantly at the low forward °ight speeds,
where the wake spread was seen to be the greatest.
5. Ground boundary conditions were seen to have the most signi¯cant e®ect
on the °uid mechanics of the ground e®ect wake, with modi¯cations to both
the °ow separation point locations and detailed wake structures observed.
These have implications on ground e®ect testing in a wind tunnel.
1.3 Structure of this Dissertation
This dissertation presents the research conducted in relation to rotor wakes in
ground e®ect and its investigation in a wind tunnel facility.
The current chapter continues by introducing the aerodynamic concept of a rotor
°ow in ground e®ect. A review of the most signi¯cant research conducted on rotors
in ground e®ect is presented. The motivations of this research are presented, and
this chapter also highlights the methodology that was adopted during the courseChapter 1. Introduction and Literature Review 6
of this research.
Chapter 2 provides details of the experimental methodology used in this research.
It provides a systematic breakdown of the di®erent sets of experiments conducted,
providing information on the experimental facilities, rotor models and experimen-
tal techniques used. It also introduces the model rotor designed speci¯cally for
this research. This rotor was used for a wide range of experiments conducted to
investigate the e®ects of the wind tunnel ground boundary conditions and rotor
parameters on the ground e®ect wake.
Results obtained from the di®erent experiments conducted during this research
are presented in Chapters 3 - 5 of this dissertation.
Chapter 3 presents results from the °ow visualisation experiments conducted on
a small-scale rotor model in a wind tunnel. This investigation formed part of the
preliminary investigations of the ground e®ect °ow-¯eld and provided useful qual-
itative descriptions of the salient °ow features of the ground e®ect wake. It also
allowed for wind tunnel simulation of the brownout phenomenon. Insights into
the mechanisms involved in particle pick-up and transport are also discussed in
this chapter, with the aid of °ow visualisation images of the °ow-¯eld.
Chapter 4 presents quantitative information obtained from Particle Image Ve-
locimetry (PIV) experiments conducted with the rotor model used in the °ow
visualisation experiments . Experiments using this rotor served as a preparatory
exercise to the main set of experiments that were to be conducted with the larger
rotor designed for this research. Useful information obtained from these experi-
ments regarding the ground e®ect °ow-¯eld are detailed in this chapter and used
to quantitatively explain some of the observations made from the °ow visualisa-
tion experiments, discussed in Chapter 3.
Chapter 5 presents results from the main set of PIV experiments conducted with
a rotor model designed to work in a wind tunnel ¯tted with the moving ground.
Variations in the wake caused by di®ering rotor trim con¯gurations and groundChapter 1. Introduction and Literature Review 7
boundary con¯gurations are analysed to identify the con¯guration best represen-
tative of the ground e®ect °ow-¯eld of a helicopter in forward °ight. Based on
this, °ow structures observed in the ground e®ect °ow-¯eld are identi¯ed through
a series of °ow pathlines, vorticity and velocity °uctuation plots derived from the
PIV results. Measurements conducted to determine the out-of-plane velocity com-
ponents in the °ow-¯eld are also presented to characterise the three-dimensional
nature of the wake. Additionally, the e®ects of varying rotor parameters on the
ground e®ect wake structures are also presented in this chapter.
An analysis of the PIV results is presented in Chapter 6. Validation of these exper-
imental results is conducted in this chapter, and is used to highlight the in°uence
of wind tunnel interference e®ects on the ground e®ect wake. Additionally, the
physics of formation of the ground e®ect wake is described based on the results
gathered from the °ow visualisation and PIV experiments. The PIV results were
also used to classify the ground e®ect wake into di®erent ground e®ect °ow regimes
and to identify the e®ects of rotor parameters and ground boundary conditions on
the °uid dynamics of the wake. Analyses of the importance of these parameters
in wind tunnel experimentation on ground e®ect is also presented in this chapter.
The dissertation is concluded in Chapter 7, which summarises the main contribu-
tions and results from this research. Recommendations for future work, which can
be conducted to further this research are also outlined in this chapter.
1.4 Overview of Ground E®ect
When a helicopter is operated close to the ground, it is said to be operating in
ground e®ect (IGE). The presence of the ground plane close to the vicinity of
the rotor disk has been seen to signi¯cantly alter its aerodynamics compared to
when it is operated out of ground e®ect (OGE). Numerous experimental, numer-
ical and computational analyses have been carried out to accurately predict and
understand rotor behaviour in ground e®ect. Most have concentrated on the per-
formance aspects of rotor operations in ground e®ect; in analysing and predicting
changes to the handling and control of helicopters during ground e®ect operations.
One shortcoming of these past research has been the lack of investigations on theChapter 1. Introduction and Literature Review 8
°uid dynamics associated with the wake formed during ground e®ect operations.
This has been made evident by the lack of quantitative information available on
the formation and evolution of the ground e®ect wake. Most of the information
currently available on the °uid dynamics of the wake has been qualitatively ob-
tained through °ow visualisations or analysis of speci¯c points in the ground e®ect
°ow-¯eld.
The following sections provide an overview of ground e®ect research that has been
conducted to date. Signi¯cant research ¯ndings regarding the impact of ground
e®ect operations on the performance, handling qualities and resulting wake are
detailed, and make evident the lack of quantitative data available on the °uid dy-
namics of the ground e®ect wake. Additionally, the need for a better understanding
of the ground e®ect wake °uid mechanics is highlighted through discussion of a
situation where the ground e®ect wake has been seen to cause operational di±cul-
ties. Based on these, the motivations and methodology adopted for this research
are brie°y highlighted at the end of the section.
1.4.1 Hover in Ground E®ect
Analysis of available literature suggests that the ground has the most in°uential
e®ect on the rotor in two °ight regimes; in hover, where the most signi¯cant per-
formance gains are experienced, and in low speed forward °ight.
Most ground e®ect analyses have identi¯ed the bene¯cial e®ects of ground e®ect
operations on rotor power and thrust. Flight testing on helicopters and experi-
mental testing on isolated rotor models have shown that the power required to
hover in ground e®ect is signi¯cantly less than out of ground e®ect, at a given
rotor thrust [5{10]. Experimental studies have shown these performance bene¯ts
to be a®ected by parameters such as blade loading [9], number of rotor blades,
blade shape, blade twist and aspect ratio [11]. The inclination of the ground over
which the rotor is hovering is also seen to change hover performance in ground
e®ect [5]. Most substantially, the rotor height, h, above the ground is seen to have
the greatest in°uence on the rotor hover performance in ground e®ect. Mathe-
matical analysis conducted by KÄ ussner [6] and Betz [7], have shown most of theChapter 1. Introduction and Literature Review 9
performance advantages in ground e®ect hover to be experienced at heights up to
one rotor radius above the ground. Performance related research has also shown
the rotor to lose most of its performance bene¯ts obtained in ground e®ect hover
as it reaches a distance of one rotor diameter above the ground [8, 10, 11], after
which it is considered to be out of ground e®ect.
Bene¯cial performance e®ects experienced by rotors in ground e®ect hover piqued
numerous research activities in mathematical and computational modelling of
ground e®ect hover [7, 8, 10, 12{18]. The earliest numerical analysis was car-
ried out by Betz [7] and Cheeseman and Bennett [12], who used a source and
image to model the in°uence of the ground on the rotor, while Knight and Hefner
[8] and Rossow [19] made used of a vortex cylinder method to analyse this e®ect.
More recently, Hayden derived an empirical method of predicting power induced in
ground e®ect hover by analysing a range of °ight tests conducted in ground e®ect
hover and by employing methods suggested by Betz and Cheeseman and Bennett
[10]. Based on this, the induced power variation with rotor ground distance, h
R,
was derived to vary according to the equation,
K
K1
=
1
0:9926 + 0:3794(2R
h )
2 (1.1)
where K represents the power induced in ground e®ect, K1, the power induced
out of ground e®ect and R, the rotor radius. More recently, computational sim-
ulations of ground e®ect hover have also been attempted. Numerous free-wake
models have been created with varying degrees of success. Most of these models
utilise an image wake system to simulate the ground plane [13, 15]. Other com-
putational methods have employed a surface singularity method to represent the
ground plane [18] or a grid of vortex panels to represent inclined ground surfaces
[17]. A ¯nite in°ow model, representing the ground and rotor as disturbances in
a °ow-¯eld, with the ground represented using the image rotor method, has also
been employed to simulate ground e®ect hover [16].
The most obvious di®erence in the wake of a hovering rotor in ground e®ect is
the expansion of the wake instead of the normal contraction experienced out ofChapter 1. Introduction and Literature Review 10
(a) Hover OGE (b)Hover IGE
streamtube boundary
induced downflow
rotor
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Figure 1.1: Comparison between the out of ground e®ect (OGE) and in ground
e®ect (IGE) wake of a hovering rotor. The ¯gure shows schematic diagrams of
mean °ow streamlines. [5]
ground e®ect. Smoke °ow visualisation experiments conducted by Fradenburgh
showed this expansion [5], and a schematic of this is presented in Figure 1.1. Ve-
locity measurements conducted during this research identi¯ed the presence of a
`dead-air' region in the central region of the expanding rotor wake, possessing low
magnitude negative velocity associated with an upwash through the rotor disk (in
contrast to the positive velocities associated with the rotor downwash). Analogous
to the fountain e®ect commonly associated with hot exhaust gas jets on VTOL
aircraft [3], this `dead-air' region represents the induced velocity pro¯le altered
by the presence of the ground near the vicinity of the rotor. Observations from
these experiments suggest that part of the root vortex system leaving the rotor
blades will °ow along the ground towards the centre of the rotor disk and result in
vorticity to be transported vertically upward through the centre of the rotor disk
[5].
It is conceptually easy to observe that the presence of the ground plane near the
vicinity of the rotor alters the trailing rotor wake, a®ecting both the slipstream
and in°ow velocities, which in turn, has an e®ect on the thrust and power char-
acteristics of the rotor [11]. Evidence for this is seen from experiments where the
presence of the ground plane within the vicinity of the rotor was seen to alter
the axial and radial locations of the tip vortices shed by the rotor [20]. More re-
cent particle image velocimetry (PIV) experiments conducted with a ground plane
and rotor model, have traced the variation in the tip vortex trajectories caused
by varying rotor ground distances [21]. More in-depth analysis of the tip vortexChapter 1. Introduction and Literature Review 11
system of the wake of a rotor in ground e®ect hover was conducted by Lee et. al,
using °ow visualisation and phase-resolved PIV [22].
1.4.2 Ground E®ect in Low Speed Forward Flight
Ground e®ect has also been seen to have substantial e®ects on the performance
of a rotor in low speed forward °ight. Experiments conducted by Sheridan and
Weisner showed changes in the power required in ground e®ect forward °ight com-
pared to hover in ground e®ect [23]. Power measurements at low speed forward
°ight showed an initial increase in the power required from hover. At a particular
°ight speed, the power required peaks at a value close to that required by the
rotor out of ground e®ect. Beyond this, an increase in the °ight speed is seen to
reduce the overall power required. A re-creation of the power variation in ground
e®ect, measured by Sheridan and Weisner, is presented in Figure 1.2 [23]. Perfor-
mance measurements conducted by Curtiss et. al showed similar trends, and it
was observed that the performance variations in forward °ight were in°uenced by
the rotor ground distance, h
R, disk loading and collective angles [24]. Both studies
attribute changes in the power required in ground e®ect to changes in the in°ow
through the rotor disk, caused by °ow features formed in the ground e®ect wake.
Experimental evidence suggests that as the rotor moves from hover into forward
°ight, the downwash through the rotor expands over the ground plane and in-
teracts with the oncoming freestream. The location of this °ow interaction was
seen to be a®ected by the advance ratio, ¹ =
Vff
Vtip, the non-dimensional forward
°ight speed, where Vff represents the °ight speed and Vtip represents the rotor
tip speed. Interaction between the opposing °ows results in °ow separation along
the ground; the rotorwash expanding along the ground is seen to roll up to form
a vortex as a result of this separation. Flow visualisation experiments conducted
by Sheridan and Weisner showed the wake roll up to form a horse-shoe shaped
vortex in the °ow-¯eld [23], and this is shown in Figure 1.3, which presents a
three-dimensional view of the ground e®ect wake obtained from computational
simulations of a helicopter in ground e®ect [25]. At low advance ratios, a weak
horse-shoe vortex was seen to form in the °ow-¯eld ahead of the rotor disk. As
the forward °ight speed of the rotor was increased, this roll up was seen to occur
nearer the rotor disk; the horse-shoe vortex was seen to become more prominentChapter 1. Introduction and Literature Review 12
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Figure 1.2: Comparison of the power required in ground e®ect and out of
ground e®ect [11].
and was observed to be the strongest when it formed under the leading edge of
the rotor disk [23]. Further increments in the forward °ight speed resulted in the
vortex to form downstream of the leading edge of the rotor disk, where it was
seen to grow progressively smaller and weaker with increasing °ight speed, until
it eventually disappeared from the °ow-¯eld [23]. Presence of the ground induced
vortex in the wake has been documented to exist up to a forward °ight speed
equivalent to an advance ratio of ¹ ¼ 0:1, beyond which it is not visible in the
°ow-¯eld [11]. A set of schematic diagrams, shown in Figure 1.4, was produced by
Sheridan and Weisner to illustrate their observations from the °ow visualisation
tests and to explain the e®ect of the wake on the power required by the rotor at
the di®erent °ight speeds [23].
Schematic diagrams presented in Figure 1.4 show the changes to the in°ow through
the rotor disk brought about by the changing topology of the ground e®ect wake.
As the ground induced vortex forms close to the rotor disk, as seen in Figure
1.4 (b) and (c), additional in°ow is induced through the rotor disk. Some of the
freestream is seen to °ow around the forming vortex and as the vortex approaches
the rotor at higher °ight speeds (advance ratios), greater in°ow is induced through
the rotor disk. At the point of maximum induced in°ow through the rotor, the
power required was observed to be the highest. This corresponds to the peak inChapter 1. Introduction and Literature Review 13
Figure 1.3: Representation of the ground e®ect wake obtained from compu-
tational simulations conducted by Brown and Whitehouse [25].
the in-ground-e®ect (IGE) power curve observed in Figure 1.2, with the power
required almost equivalent to that required by the rotor operating out of ground
e®ect (OGE). Increasing the advance ratio further was seen to cause the vortex to
form further downstream beyond the leading edge of the rotor disk, contributing
both in°ow and up°ow (positive in°ow) through the disk, as shown in Figure 1.4
(d). The power required by the rotor at this point is lower, and is seen to fall
signi¯cantly lower than that required OGE, as shown in Figure 1.2.
Besides changes to the performance characteristics of the helicopter, changes in
the location of the ground e®ect °ow features were also seen to a®ect its trim char-
acteristics and fuselage forces and moments [23]. Flight operations in ground e®ect
have been known to signi¯cantly alter the lateral cyclic inputs required to trim
the rotor during ground e®ect low speed forward °ight [26]. Experimental tests
conducted using a model helicopter showed this change in lateral cyclic input to
be related to the location of the ground induced vortex. Figure 1.5, a re-creation
of the results presented by Sheridan and Weisner, shows the alterations in the
lateral cyclic angles required to compensate for the changes in in°ow caused byChapter 1. Introduction and Literature Review 14
(a) Wake roll-up occurs upstream, far ahead of the rotor disk
rotor disk
Over-turned Fountain
Freestream Velocity
Thinning Decelerating Sheet
(b) Vortex forms closer to the rotor at higher forward °ight speed
Ground Vortex
Rotor Disk
Freestream Velocity
High Inﬂow here
(c) Vortex strongest when it is just ahead of the rotor disk
Ground Vortex
Rotor Disk
Freestream Velocity Maximum Inﬂow here
(d) Vortex loses strength and becomes smaller when speed is increased further
Ground Vortex
Rotor Disk
Freestream Velocity High upﬂow here
Figure 1.4: Schematic diagrams of the evolution of the ground e®ect wake at
low speed forward °ight [23].Chapter 1. Introduction and Literature Review 15
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Figure 1.5: Variation in the lateral cyclic pitch angle required during ground
e®ect operations [23]. Location of the ground vortex with respect to the leading
edge (LE) of the rotor disk is presented.
the ground vortex located aft of the leading edge of the rotor disk [23]. Known
as over-running the ground vortex, this step-like change in lateral cyclic input has
been especially noticeable in helicopter °ight data during transition from hover to
forward °ight in ground e®ect.
Additional measurements conducted during these studies have also shown the
ground vortex position to have prominent e®ects on the fuselage moments and
forces, although these were observed to be less signi¯cant compared to the aero-
dynamic e®ects of the ground on the main rotor [23]. Measurements conducted
on a model rotor showed the fuselage pitching moments to become more negative
as the ground vortex formed closer to the rotor. This e®ect is then reversed and
the pitching moments seen to increase and become more positive as the ground
vortex forms under the rotor disk [23]. Measurements of the fuselage lift were seen
to fall linearly from hover values as the ground vortex formed in the °ow-¯eld and
approached the rotor, but this was seen to increase as the ground vortex passed
under the rotor leading edge [23].
Most ground e®ect literature has shown the ground e®ect °ow-¯eld to be similar
to that represented in Figure 1.4, where the wake roll-up begins as a small vortexChapter 1. Introduction and Literature Review 16
far upstream of the rotor disk and builds in size and prominence as the °ight
speed is increased. Benchmark ground e®ect research conducted by Curtiss et. al
[24, 27], using an isolated rotor towed along a °at track in a towing shed, showed
similar results. Measurements conducted during these experiments also re°ected
the in°uence of the ground induced vortex on the rotor hub moments. Data from
these tests indicated a distortion of the trailing wake caused by the ground vortex
to result in changes to the in°ow around the leading edge of the rotor disk, subse-
quently resulting in nose up pitching and rolling moments to be measured at the
rotor hub [27]. Additionally, results from experiments conducted with di®erent
rotor disk tilt angles showed this to have little in°uence on the rotor wake, thrust
and hub moments during ground e®ect [24].
Regarded as one of the most substantial research e®orts conducted in ground e®ect
to date, this research also established that the majority of the ground e®ect wake
can be categorised into two °ow regimes. Known as the recirculation regime and
the ground vortex regime, these °ow regimes were used to characterise the ground
e®ect °ow for a variety of ground distances ( h
R) and collective pitch angles [24,
27]. Classi¯cations of the ground e®ect wake into the di®erent °ow regimes were
conducted using the thrust normalised advance ratio, ¹¤, given by the equation,
¹
¤ =
¹
p
CT=2
(1.2)
where ¹ is the representative advance ratio of the °ow and CT is the rotor thrust
coe±cient. Essentially the forward °ight speed scaled with respect to the hover
induced velocity, considerations of this thrust normalised advance ratio, ¹¤, en-
sured that same wake de°ection angles were maintained for the di®erent ground
distances and collective settings [23, 24]. This then allowed for the comparison of
similarly formed wake at di®erent rotor ground distances or thrust settings. Based
on data obtained from their °ow visualisation experiments conducted at di®erent
normalised advance ratios, Curtiss et. al categorised the ground e®ect wake into
the di®erent °ow regimes [27]. A re-creation of their experimental results is shown
in Figure 1.6.Chapter 1. Introduction and Literature Review 17
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Figure 1.6: Classi¯cation of the ground e®ect wake into the di®erent °ow
regimes at a range of ground distances. Diagram adapted from research con-
ducted by Curtiss et. al [24, 27].
According to Curtiss et. al, the ground e®ect wake was considered to be in the
recirculation °ow regime when a portion of the trailing rotor wake expanding radi-
ally upstream away from the rotor, separates from the ground and is recirculated
through the rotor [27]. Flow visualisation studies conducted during their research
showed the recirculation of the rotor wake to be less obvious near hover and more
prominent at higher normalised advance ratios [27]. The lower boundary of the re-
circulation regime, as de¯ned in Figure 1.6 was thus de¯ned at normalised advance
ratios where the recirculatory pattern through the rotor disk was well-de¯ned in
the °ow with the wake at advance ratios lower than the recirculation regime, ex-
hibiting lesser tendencies of wake recirculation through the disk. At these low
advance ratios, the wake was seen to show trends similar to hover in ground ef-
fect cases, where the trailing rotor wake was seen to expand far upstream from
the rotor. The ground vortex °ow regime was classi¯ed by Curtiss et.al as the
advance ratios at which the recirculation through the rotor disk is replaced by a
well-de¯ned vortex, formed under the leading edge of the rotor disk, with the upper
boundary of the ground vortex regime signifying the disapperence of the ground
vortex under the rotor disk, as the trailing rotor wake is swept downstream by the
freestream [27].Chapter 1. Introduction and Literature Review 18
Interactions between the oncoming freestream and the rotorwash expanding along
the ground plane have been seen to result in the formation of a horse-shoe shaped
boundary on the ground plane, some distance upstream from the rotor disk. The
location of this interaction boundary is determined by the advance ratio of the
°ow and was visualised by a surface °ow visualisation experiment conducted by
Boyd et. al [28] using smoke/tufts on a static ground plane. With increasing
freestream velocity, this interaction boundary was seen to form closer to the rotor.
Surface °ow visualisations also established that the symmetry of the interaction
boundary on the ground depended upon the rotor system used. With a rigid rotor,
the inability of the rotor to compensate for the di®erential in lift produced at the
advancing and retreating sides meant that an asymmetric interaction boundary
resulted on the ground. According to Kusmarwanto, this boundary would other-
wise be symmetric and parabolic in shape, if the rotor is allowed to trim, although
no evidence was presented to illustrate this claim [29]. The presence of this horse-
shoe shaped interaction boundary around the front end of the rotor disk however
highlights the three-dimensional nature of the ground e®ect wake.
1.4.2.1 Recirculation Regime
As the rotor moves into forward °ight, the rotor wake becomes skewed backwards.
In ground e®ect forward °ight, the skewed wake undergoes a contraction up to a
distance of 25% below the rotor, after which the presence of the ground was seen
to result in the expansion of the wake [29]. The expanding rotor wake encounters
the freestream, which then causes a roll up of the wake. The recirculation regime
occurs when this wake roll up occurs near the rotor disk, causing a recirculation
of part of the wake through the rotor. This re-ingestion of the wake was observed
by Curtiss et. al to become more prominent as the advance ratio increased and
the wake roll-up occurred nearer the vicinity of the rotor disk [27]. It was also
noticed that the resulting ground e®ect wake in the recirculation regime a®ected
large proportions of the ground e®ect °ow-¯eld upstream of the rotor disk [27].
Flow visualisation experiments conducted by Ganesh et. al, using an isolated rotor
model in a wind tunnel ¯tted with a static ground plane, identi¯ed the ground
e®ect wake in the recirculation regime to feature a recirculation loop [30{32]. A
schematic of this recirculation loop is presented in Figure 1.7, and through the
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tip vortices re-directed back towards the rotor and re-ingested through it [30]. Hot-
wire anemometry studies conducted by Curtiss et. al reported large °uctuations in
the wake during the recirculation regime, although little lateral °ow was observed
in the °ow-¯eld [24]. Similar hot-wire measurements conducted by Ganesh et. al
near the rotor disk plane during the recirculation regime, also showed the pres-
ence of °uctuations in the in°ow near the rotor, which was measured to be 5-10%
higher than that experienced OGE, and these °uctuations have been attributed
to the ingestion of the tip vortices from the recirculation loop [31, 32].
Interactions of the rotor wake with the oncoming freestream °ow demands the
presence of a separation line along the ground plane, which determines the spatial
width of the ground e®ect wake. At low advance ratios, °ow separation occurs far
upstream of the rotor resulting in a wide wake. Increments of the advance ratio was
seen to result in this separation line to form nearer the rotor, reducing the spatial
width of the wake. Hot-wire experiments conducted by Saijo et. al measured the
°uctuations of the °ow separation position in the plane along the rotor longitudinal
axis [30]. It was observed through these tests that in the recirculation regime, the
separation point along the ground oscillated about a mean ground position with
a low frequency, between 2-4 Hz [30]. Fluctuations of this separation point were
seen to be consistent throughout the advance ratios within the recirculation regime,
although the °uctuation amplitudes were seen to reduce as the advance ratio was
increased. At a high enough advance ratio, the recirculation loop disappeared
from the °ow-¯eld. A vortex was seen in its place, just under the leading edge of
the rotor disk, with the °ow separation point forming on the ground just ahead of
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Figure 1.7: Formation of the recirculation loop [30].Chapter 1. Introduction and Literature Review 20
the rotor disk. Measurements showed lesser °uctuations in the separation point
during the ground vortex regime, suggesting a steadier °ow-¯eld [30].
1.4.2.2 Ground Vortex Regime
The formation of a well-de¯ned vortex, just under the rotor disk has been de¯ned
as the start of the ground vortex regime, and a schematic of this can be seen in
Figure 1.4 (d). The corresponding range of advance ratios where the vortex forms
under the rotor disk is known as the ground vortex regime. The formation of this
ground vortex is generally noted to be a function of advance ratio, blade collective
pitch and rotor ground distance [27]. Qualitative analysis in the ground vortex
regime, with the rotor ground distance at 0:9R, has shown the ground vortex to
be of comparable height, although it is unclear from these results if this size of
the ground vortex is dependent upon the rotor ground distance [24]. These exper-
iments were also used to derive the locations of the centre of the ground vortex,
for a variety of normalised advance ratios and rotor ground distances [33].
While Saijo et. al identi¯ed the ground vortex regime to be steadier than the
recirculation regime in terms of separation point °uctuations [30], Curtiss et. al
observed from their smoke °ow visualisation experiments signi¯cant lateral motion
of the smoke streams during the ground vortex regime [24]. This was less apparent
during the recirculation °ow regime, where the smoke streams were seen to remain
in the vertical plane in which they were ¯rst injected. It was thus contended that
the distinction between the two ground e®ect °ow regimes could be made through
consideration of the degree of lateral °ow present in the ground e®ect wake [24].
Additional experiments on the e®ect of translational acceleration/deceleration on
the ground vortex regime were also conducted and showed this to a®ect the onset
of the ground vortex regime [27].
Other hot-¯lm investigations along a vertical plane extending from the ground to
the height of the rotor disk, just ahead of the leading edge of a model helicopter's
rotor disk have shown a highly unsteady °ow-¯eld [34]. Like Curtiss et. al, these
investigations also made use of °ow visualisation images to classify the ground
e®ect wake into the di®erent ground e®ect °ow regimes. Additionally, the e®ect
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were measured for right sideward °ight conditions. It was determined from these
experiments that the interactions of the ground vortex with the tail rotor and the
¯n was a function of the main rotor disk loading, and that an increase in this
would result in signi¯cant alterations to the tail rotor e®ectiveness and the ¯n
loads, causing additional handling di±culties for pilots [34].
More recent experiments on the ground vortex regime, were conducted using more
advanced optical experimental techniques like Particle Image Velocimetry (PIV)
[35, 36]. Laser Light Sheet (LLS) and PIV experiments conducted by Boer et.
al were concentrated on a 0:7R £ 0:6R region of the °ow-¯eld to investigate the
ground vortex formed under the rotor disk, and were used to identify changes to
the location of the ground vortex cores for changing rotor ground distances and
°ight speeds [35]. While detailed information on the ground vortex was estab-
lished through these experiments, details about the structure, size and strength
of the ground vortex were not provided. PIV measurements of the ground vortex
conducted by Ganesh et. al showed the ground vortex to form with vorticity in-
gested from the tip vortices trailed by the rotor blades, and showed the ground
vortex strength to be more than four times that of the tip vortices [26, 36]. These
PIV experiments were primarily conducted to investigate the °ow-¯eld under the
rotor disk leading edge, with the wake examined up to 1.45 radii (1.45R) ahead
of the rotor hub. Two-dimensional velocity information from the ground vortex
were obtained from the ¯eld-of-view (0:66R £ 1:45R, with the origin from the ro-
tor hub), with the PIV employing oil particles generated by an oil atomizer, with
nominal diameters of 0.19mm. While quantitative investigations of the ground
vortex regime have been conducted, only small regions of the °ow-¯eld have been
imaged in an attempt to investigate the ground vortex characteristics.
1.4.2.3 Computational and Numerical Simulations of Ground e®ect in
low speed forward °ight
Most of the quantitative experimental data available on the rotor wake in ground
e®ect were obtained from a two-dimensional slice of the wake, with some qualita-
tive insights into the three-dimensional nature of the wake obtained from the °ow
visualisation experiments. While these results have hinted at the unsteady and
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associated with the ground e®ect wake have mainly been provided by numerical
and computational analyses of ground e®ect.
In addition to the numerous theoretical and computational models used to simu-
late ground e®ect hover, some models have also been created to simulate ground
e®ect forward °ight. These include free vortex/wake models, including those cre-
ated by Saberi and Maisel [13], Lee and He [37] and Gri±ths and Leishman [18].
A free wake analysis was also conducted by Sun [33], by only considering the rotor
tip vortices, with the ground plane modelled using the method of images. These
simulations were primarily conducted to investigate the location and strengths of
the ground vortex. Results from these investigations suggested the ground vortex
to possess a vortex strength at least three times that of the tip vortices shed by
the rotor [33]. Additionally, it was contended that the formation of the ground
e®ect wake features were similar to that presented in Figure 1.4, where a wake roll
up, occurring far upstream was seen to form closer to the rotor disk as the °ight
speed was increased [33]. A mathematical analysis of the performance of a rotor
in ground e®ect forward °ight was conducted by Heyson using a nested-doublet
distribution and an image rotor for the ground simulation. Results from this anal-
ysis showed ground e®ect to a®ect rotors lesser as the ground distance and forward
°ight speed increased, a result similar to those measured from experimental anal-
yses of ground e®ect [38, 39].
A recently proposed computational °uid dynamics (CFD) tool by Moulton et. al
makes use of the Reynolds Averaged Navier-Stokes (RANS) concept to predict
the rotorwash velocities in the ground e®ect wake of a rotor [40]. Comparisons of
the velocity predictions with °ight test data showed good correlation, proving the
success of this method. More recently, Brown and Whitehouse made use of the
Vorticity Transport Model (VTM) together with a ground plane modelled with
the method of images to predict the ground e®ect wake of a helicopter in hover and
forward °ight [25, 41]. The VTM showed good prediction of the rotor performance
characteristics in ground e®ect and also identi¯ed the presence of vortical ring-like
structures in the far wake of the rotor hovering in ground e®ect. Additionally, the
VTM also predicted plumes of vorticity accumulating above the rotor hub, dur-
ing the hover regime [25]. Mathematical modelling of ground e®ect, conducted by
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of rotors, with veri¯cation of the model showing good correlation to experimental
performance data in hover. Resulting wake geometries in ground e®ect operations
could also be predicted from these models [42, 43].
One important conclusion that can be drawn from this review of the literature
available on rotors in ground e®ect is that, while numerous research have been
conducted on the condition, most have focused on the resulting impact of these
operations on the rotor performance. Information on the actual °ow structures in
the ground e®ect wake are still lacking, and this has a®ected the understanding
of the evolution and unsteadiness of the wake, and the in°uence of the ground on
the wider °ow-¯eld around the rotor. Limited information available in these areas
make operational di±culties encountered in ground e®ect di±cult to understand.
An example of such a problem is the brownout phenomenon, described in the next
section.
1.4.3 The Brownout Phenomenon
Ground e®ect operations of helicopters, while seen to provide performance bene-
¯ts, have also in some instances been seen to hinder helicopter operations. This
is speci¯cally the case if the ground surface contains loose particles that can be
entrained into the ground e®ect wake during °ights close to the ground [44]. Op-
erations in these scenarios have seen particle entrained wakes forming huge clouds
of debris ahead of helicopters, often obscuring the pilot's view and causing disori-
entation. Normally a®ecting helicopter operations in desert terrains, this situation
is commonly referred to as \brownout", although operations near sand, dry snow
(whiteout in this case) and even water can result in this loss of situational aware-
ness. Brownout is normally de¯ned as the situation where pilots lose situational
awareness because of debris clouds formed during ground e®ect operations in dusty
conditions, and an example of this is shown in Figure 1.8. Brownout has been seen
to a®ect most V/STOL aircraft, although some have been seen to cope with the
situation better than others. With the mechanics and causes of this condition
relatively unexplored, pilots have usually been left to deal with this problem us-
ing their experience and expertise. Brownout conditions have thus been known
to have caused many mishaps leading to both the lost of lives and helicopters.Chapter 1. Introduction and Literature Review 24
Figure 1.8: Sand and dust cloud below an MV-22, possibly in a landing
manoeuvre (source: www.defenseindustrydaily.com)
Recent military reports approximate three out of four helicopter accidents in mil-
itary operations in Iraq and Afghanistan to be a result of brownout [45]. Another
source quotes brownout related accidents to have claimed 50 lives and the loss of
more than 20 helicopters since 2001 [46]. Additionally, operations in brownout
conditions, especially in arid terrain have been seen to cause extensive damage
to exposed helicopter components such as engines and rotor blades, with sources
quoting this to be a $100-million-a-year problem for the U.S. military [47].
The brownout condition may occur during landing, take-o®, hover and low speed
forward °ight operations near erodible ground surfaces. Formation of the dust
cloud occurs when the recirculatory wake associated with ground e®ect entrains
the loose ground material. It has been contended that the intensity of the dust
cloud is a®ected by the composition of the soil (particle size, shape, density and
compactness), while the amount of dust uplifted from the ground is dependent
on aerodynamic parameters such as disk-loading, number and arrangement of the
main rotors [44].
Considerably few studies on the brownout phenomenon have been conducted and a
majority of them have been focused on the general formation, location and spread
of the dust cloud. While several numerical models have been proposed, most re-
search on brownout has concentrated on the development of simulation tools for
pilot training programs. Very little experimental study on the °uid dynamics of
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hovering helicopters. Quantitative °ight data from brownout ¯eld studies using a
H-21 tandem rotor helicopter was conducted by Rodgers in an attempt to quantify
dust cloud concentrations around the helicopter in brownout [48]. Flight testing
on di®erent soil surfaces were conducted with results showing a dust distribution
trend around the helicopter, with the greatest concentrations of dust seen to be
located around the rotor overlap locations and between 1/3 - 2/3 radii ahead of
the front rotor [48].
Where experimental brownout data is limited, greater attention to this phenomenon
has been placed by the Computational Fluid Dynamics (CFD) community. At-
tempts have been made to correlate the brownout phenomenon with visualisations
made from simulated ground e®ect [49]. Several mathematical models incorpo-
rated with dust/debris transport models have been developed in an attempt to
re-create brownout conditions computationally. Most of these simulations adapt
particle and dust transport models that have been developed in sedimentology
studies to suit the dynamics and time frames of the clouds created by a rotor-
craft's wake. Some of these simulation models worth mentioning include attempts
made using time-averaged Navier-Stokes analysis to predict rotor outwash in the
far wake of helicopters and the incorporation of particle entrainment models to
simulate particle pick-up along the ground [50]. Work described by Leishman [44]
and Keller et. al [51] incorporate a Lagrangian based dust transport model with a
free wake model of ground e®ect. In these studies, a number of dust particles are
modelled to represent the particles constituting the dust clouds. The dynamics of
these particles are tracked as they are entrained into the wake, with the forma-
tion and properties of the resulting dust clouds inferred from these representative
particles. Such models have been proven to be useful in allowing for better un-
derstanding of interactions of the wake with the surrounding ambient conditions
and topologies, and some have been integrated with pilot training aids to expose
pilots to brownout conditions [52].
Another branch of CFD based simulation of brownout is modelled in the Eulerian
frame of reference. These studies concentrate on the modelling of the dust density
distribution in the °ow around the helicopter without considering the dynamics of
the individual particulate matter. Mass and transport equations are used in the
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Models developed by Ryerson et. al [50] and Phillips and Brown [53] adopt this
Eulerian approach to brownout modelling. Both models employ a two phase trans-
port equation to represent the behaviour of the °uid and the particles suspended
within it. In Ryerson et. al, a transport equation, assuming the convection of par-
ticles with the °uid velocity and a particle fall-out model, incorporated to include
gravitational e®ects on particles, is proposed [50]. Phillips and Brown propose a
similar transport equation, with a particle entrainment model for a `sub-layer' -
the small region of °uid just above the ground, developed [53]. This entrainment
model is based on a simple semi-empirical model that is based on the saltation
process [54] described in wind and water erosion processes. This particle transport
model is integrated with Brown's Vorticity Transport Model (VTM) [55] to simu-
late debris distributions within dust clouds during helicopter brownout operations.
Recent military operations in arid terrains have meant that solutions to the brownout
phenomenon have been energetically pursued. Most solutions that have been thus
far suggested relate to altering brownout operational conditions. Solutions of
this nature include chemically treating soil to compact it, installing helipads and
polymer matting at landing sites [56] and more famously, installing pilot cueing
systems to help augment visual signals through dust clouds [57, 58]. While these
remedies make brownout manageable, it is worth considering brownout from an
aerodynamic perspective to identify the mechanisms at work during the forma-
tion of these dust clouds. While it is appreciated that a complete aerodynamic
solution to this problem is unlikely and cannot be made without compromise to
other performance capabilities of helicopters, some design modi¯cations can pos-
sibly reduce problems associated with it. Evidence of some helicopters handling
brownout better than others exists [44], and further justi¯es the need to under-
stand the underlying ground e®ect physics behind the brownout phenomenon.
1.5 Research Motivation
While extensive experimental research into ground e®ect operations of rotors have
been conducted, a review of the literature available have shown most to have con-
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research that was aimed at identifying alterations to helicopter handling and con-
trol in ground e®ect. While it was identi¯ed that the formation of the ground
e®ect wake features played a crucial role in in°uencing the °ow-¯eld surrounding
the rotor, little quantitative analyses of these wakes have been performed. Such
detailed investigations mainly lack in areas associated with the unsteadiness and
in°uence of the ground on the broad °ow-¯eld surrounding the rotor. Fluid °ow
interactions leading up to the formation of the ground e®ect wake have also at-
tracted limited attention. Experimental investigations into the three-dimensional
nature of the ground e®ect wake have also been seen to be severely lacking. Lim-
ited understanding of the ground e®ect wake have meant limited knowledge of
the interactions and causes of °ow-based operational di±culties encountered by
helicopters in ground e®ect operations, such as the brownout condition.
Although some aspects of the ground e®ect wake have been substantially investi-
gated, most of the experimental studies that have been conducted have underlying
assumptions or limitations, which raise concern over the accuracy of the results.
One major concern regarding experimental ground e®ect research has been the
choice of conducting experiments in wind tunnels. Issues relating to the inter-
ference e®ects contributed by the wind tunnel walls particularly hinder ground
e®ect experimentation. More importantly, the usage of a static ground plane dur-
ing ground e®ect tests, especially in forward °ight conditions, have raised concern
over the accuracy of the derived experimental results. A review of the available
literature has shown that with the exception of experiments conducted by Curtiss
et. al [24, 27, 33], all other experimental testing of ground e®ect of rotors involve
a stationary ground plane. While most of these studies acknowledge the impor-
tance and need of incorporating more accurate ground boundary conditions during
testing, none have done so. As such, no information of the impact of the ground
boundary conditions on experimental ground e®ect data is currently available.
Another limitation of the available experimental ground e®ect data is associated
with the spatial resolution of the results. With the ground e®ect wake known to
a®ect substantial portions of the °ow-¯eld around the rotor and possess a highly
three-dimensional and unsteady nature, very little of the extended °ow-¯eld has
actually been investigated experimentally. Similar limitations exist in terms of the
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e®ect data were obtained through probe based experimental techniques or qual-
itative experiments, limiting the spatial resolution of the data to speci¯c points
in the °ow-¯eld. Where more advanced, high spatial resolution techniques such
as PIV have been used, the chosen regions of investigations have been limited to
small regions particularly concentrating around the rotor disk leading edge.
These limitations in experimental ground e®ect data served as a motivation for this
research. It was realised that availability of such data, obtained using high spatial
resolution experimental techniques, would provide high quality °ow-¯eld data, use-
ful for validating CFD codes and helpful in understanding the °ow physics relating
to ground e®ect. Based on this, quantitative investigations of wide regions of the
ground e®ect wake of rotors in forward °ight were conducted to identify e®ects of
the ground on broad regions of °ow around the rotor. Additionally, information
such as the unsteadiness and cross-°ow velocities associated with the °ow-¯eld
were also derived from the results. More importantly, to investigate the e®ect of
wind tunnel experimental testing on the ground e®ect wake, a wind tunnel facility
¯tted with a moving ground plane was chosen. This allowed for a comparison of
data between experiments conducted in a \conventional" wind tunnel environment
with a stationary ground, and in a tunnel which could better re-create ground con-
ditions of ground e®ect operations in forward °ight. Data comparison between the
two cases will allow for the e®ect of the ground to be quanti¯ed. Together with
this, the e®ect of rotor parameters such as trim, ground distance and blade root
cut-out ratios were sought, to allow for a better quantitative insight of the ground
e®ect °ow-¯eld.
To quantitatively investigate the ground e®ect °ow-¯eld, a suitable experimental
technique had to be chosen. The most important factor that had to be considered
in this process was the spatial resolution of the technique. As wide regions of the
°ow-¯eld were to be investigated, it was also important to choose a technique that
would allow for such measurements in a time-e±cient manner. Based on this, Par-
ticle Image Velocimetry was chosen as the main experimental technique to be used
for this research. Particle Image Velocimetry (PIV) is a mature, well developed
experimental technique that can be used to measure three-dimensional velocity
information from wide regions of a °ow. Its non-invasive, instantaneous measure-
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PIV was the most suitable technique to be used for the quantitative analysis of the
ground e®ect wake. To allow for three-component velocity measurements of the
ground e®ect °ow-¯eld, Stereoscopic Particle Image Velocimetry was used in this
research. Fundamental concepts of the PIV experimental technique and details
of the Stereoscopic PIV method are provided in Appendix A for the interested
reader.Chapter 2
Experimental Methodology
2.1 Introduction
Based on the objectives set out at the onset of the research, a series of experiments,
aimed at gathering qualitative and quantitative information of the ground e®ect
°ow-¯eld of a rotor in forward °ight, was performed. These experiments were
designed to study wide areas of the ground e®ect °ow-¯eld and to determine the
signi¯cance of the ground boundary conditions on the °uid dynamics of the ground
e®ect wake. The experiments conducted produced both qualitative images, visu-
alising the in°uence of ground e®ect on the rotor °ow-¯eld, and three-dimensional
velocity data from wide regions of the wake surrounding the rotor. Rotor trim con-
ditions, rotor ground distances, collective angles, root cut-out ratios, °ight speed
(advance ratio) and ground con¯gurations were varied during these experiments
to determine their in°uence on the resulting rotor wake. The following sections
of this chapter describe the various experiments that were conducted during the
course of this research and provide details on the experimental facilities, rotor
models, experimental techniques and apparatus used during each experiment.
2.2 Ground E®ect Experimentation
Two di®erent experimental techniques were used in this research to investigate
the ground e®ect wake of rotors in forward °ight. Flow visualisation techniques
were ¯rst used to identify and visualise salient °ow features in the ground e®ect
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°ow-¯eld. In addition, the technique provided a simple way to simulate the °uid
dynamics leading to the brownout phenomenon and visualise the dust transport
mechanisms that lead to the formation of the brownout causing dust clouds. Quan-
titative measurements of the ground e®ect °ow-¯eld were performed using Particle
Image Velocimetry (PIV). Most of the experiments conducted during this research
made use of PIV, as this technique enabled the ground e®ect wake structures to
be examined in great detail. All the experiments conducted during the course of
this research have been divided into three sections in this chapter:
1. Flow Visualisation
2. Preliminary Ground E®ect Flow Investigations
3. Ground E®ect Experimentation with varying ground boundary conditions
Both the Flow Visualisation and Preliminary Ground E®ect Investigations were
conducted with a view of providing useful guidelines and experience for the main
set of ground e®ect experiments that were to be conducted later. Results from
these tests were used in the design of the rotor and set-up of the main PIV exper-
iments.
2.3 Flow Visualisation of the ground e®ect wake
of a rotor
Flow Visualisation is a qualitative experimental technique that can often be per-
formed with relative ease to gain a basic idea about the general features in a
°ow-¯eld. These experiments are frequently conducted as a prelude to further
experimental measurements and provide a visual representation of the °ow to be
investigated. Such experiments may be simple to do and can be performed in any
°uid medium, with the use of suitable seeding particles to make the °uid °ow
visible. With adequate illumination, the °ow around the required experimental
model can be visualised in a short period of time. Images recorded from these
experiments can be used to identify salient °ow features and establish general ob-
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The °ow visualisation experiments described herein provide qualitative informa-
tion of the ground e®ect °ow-¯eld. These tests were also used to provide a rep-
resentation of ground e®ect conditions that may lead to the brownout condition,
and to identify the wake features resulting in the formation of the huge dust clouds
observed during this phenomenon.
2.3.1 Wind Tunnel Facility
The °ow visualisation experiments were conducted in the so-called Smoke Tunnel,
a closed section, non-return type wind tunnel especially used for °ow visualisation.
The Smoke Tunnel has a 0:91m £ 0:91m square, 4m long working section, with
a settling chamber and 9:1 contraction at the upstream end and a fan at the
downstream end of the working section. The maximum speed of the tunnel is
some 2:5ms¡1. Flow visualisation is achieved by injecting smoke or some other
seeding medium into the air °ow at a desired location in the test section. Filters
downstream of the fan remove the seeding medium from the air before discharge
into the atmosphere. A suitably placed °ood lamp, °ash lamp or 5W, continuous
wave (CW) laser are available to illuminate the desired portion of the °ow-¯eld
for investigation. For ground e®ect testing in this tunnel, the rotor assembly used
was simply placed on the °oor of the tunnel.
2.3.2 Rotor Model
The physical size of the rotor models used for these ground e®ect tests was limited
by the sizes of the wind tunnels used to conduct the experiments. Literature has
suggested that for experimental testing of ¯xed wing models, the model-span-to-
tunnel-width ratio should typically be between 0.3-0.5 to minimise wall constraint
e®ects on the °ow [59]. While this guideline applies to ¯xed wing models, very lit-
tle information is available for rotor model testing in wind tunnels. Some literature
suggest model-span-to-tunnel-width ratios lesser than 0.5 for OGE performance
testing of rotor models, with the tests conducted at advance ratios in excess of 0.1
to ensure minimal wind tunnel e®ects [11]. Other literature have suggested ¯xed
wing tunnel wall corrections to be applicable to rotor performance tests conducted
at advance ratios above 0.1 [60], although questions have been raised regarding
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guidelines have been made available for rotor testing in wind tunnels with infor-
mation even more limited for ground e®ect testing and wake related experiments.
Beyond suggestions of using small rotors in large wind tunnels or open jet tun-
nels to minimise interference e®ects [11], and suggestions of using a ground board
length in excess of 2.5 rotor diameters for ground e®ect testing [61], information
to size rotor models for ground e®ect wind tunnel testing were largely unavailable.
With this research primarily concentrated on the investigation of the wake of a
rotor in ground e®ect, the extent and size of the resultant wake generated by the
rotor in ground e®ect during the tests had to be taken into account to ensure
that the wind tunnel working section was long and wide enough for the wake to
form without signi¯cant obstructions. Data from past ground e®ect experiments,
mostly qualitatively derived, could not be used to clearly establish the spread of
the wake during ground e®ect forward °ight testing. Moreover, this was seen to
be in°uenced by a range of rotor parameters [24]. A review of the model-span-to-
tunnel-width ratios of rotor models used in past ground e®ect experiments showed
the rotor model sizes to comply with the 0.3-0.5 model-span-to-tunnel-width ratio
limits stated by Barlow et. al [59]. Wind tunnel experiments conducted by Boyd
and Kusmarwanto made used of a rotor with a span-to-width ratio of 0.22 [28, 29],
while Ganesh et. al made use of a rotor with a 0.43 span-to-width ratio for all
their ground e®ect experiments [30{32].
Since very little guideline have been made available for rotor in ground e®ect
experimental testing, it was decided that for the purposes of this research, a rea-
sonably sized rotor model, capable of producing a clearly de¯ned helical wake,
similar to that produced by a helicopter, would be used. As in the case of past
ground e®ect related experiments, the models used for this research will have a
model-span-to-tunnel-width ratio of 0.3-0.5. Based on these, a 0:15m diameter
rotor was used for the °ow visualisation experiments. This model rotor has been
successfully used for past vortex ring state (VRS) experiments conducted in a sim-
ilarly sized wind tunnel [62] and has a model-span-to-tunnel-width ratio of 0.16.
Based on readily available propellers designed for model aircraft, it produced a
useful vortex wake that was representative of a helicopter rotor wake in that, it
consisted of inter-twined, helical vortices. Although these propellers were highlyChapter 2. Experimental Methodology 34
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Figure 2.1: Schematic diagram of rotor system, motor, load-cell and vertical
traverse. The sense of the (r;y) coordinate system is shown, but its origin is at
the centre of the rotor.
twisted, some modern helicopter main rotors do have large amounts of twist.
The model propeller used for this rotor rig was manufactured by Graupner and had
a diameter of 148mm. These propellers have a 15mm diameter hub, a root chord of
10:5mm, a square-cut tip with a chord of 8mm, and a maximum chord of 14:6mm
at around the 50% outboard position, where the thickness ratio was measured to
be 16.4%. It is not clear what aerofoil section(s) are used for these propellers,
although they are cambered, and had a twist of about 10o. The propellers were
¯xed onto the shaft of a small electric motor capable of spinning the rotor at a rate
of 120Hz (7200RPM) (speed controlled simply by increasing the supply voltage).
The rotor speed was monitored using a Unilux Highlighter Stroboscope, and the
thrust was measured by mounting the motor on a 0:6kg load-cell. This assembly
was ¯xed to the end of a long sting, attached to a hand-cranked vertical traverse
unit, which was placed on the °oor of the wind tunnel so that the rotor disk was
nominally in the horizontal plane with the motor above the disk. The rotor had
a ¯xed pitch of 75mm with no pitch adjustments possible. The rotor hub was
rigid and no blade °apping degree-of-freedom was present, therefore all the tests
performed using this model were for an untrimmed rotor state. A schematic of the
rotor model is shown in Figure 2.1. This rotor system will be referred to as Rotor
A for simplicity, and a summary of the important rotor dimensions are given in
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Rotor A Dimensions
Blades 2
Rotor radius 75mm
Pitch 75mm
Twist 10o
Hub diameter 15mm
Blade tip Square-cut tip
Root Chord 10:5mm
Tip Chord 8mm
Max Chord 14:6mm at 50% outboard of root
Max Thickness Ratio 16:4% at 50% outboard of root
Table 2.1: Rotor A Dimensions
2.3.3 Flow Visualisation of the brownout phenomenon
During the brownout phenomenon, debris on the ground is picked up by the ground
e®ect wake to form a dust cloud ahead of the helicopter. To re°ect this, a suit-
able seeding medium was required to simulate the properties of the ground dust.
Talcum powder was chosen as the seeding medium for these brownout °ow visual-
isation tests conducted, because of its ability to readily represent `dust' along the
ground. Additionally, the talcum powder particles provided the °ow-¯eld images
with good contrast, allowing the evolution of the ground e®ect °ow-¯eld to be bet-
ter illustrated. These reasons, including issues relating to safety of both the wind
tunnel and experimentalists, made this choice of seeding the most appropriate.
The talcum powder used during the tests was Body Powder Talc and conforms to
the U.S. Food and Drug Administrations (FDA) regulations, who limit the sizes of
the talc particles used in cosmetic body powders between a range of 8¹m¡12¹m
[63].
The seeding particles were introduced into the °ow by simply spreading the talcum
powder along the °oor of the wind tunnel, just below and ahead of the rotor. This
ensured that the rotor wake could pick up the particles from the ground as the
wake trailed along it. At the rotor speed and wind tunnel speed settings used, it
was observed that the talcum powder was lifted o® the ground by only the action
of the rotor induced °ow. The wind tunnel speed alone could not achieve this;Chapter 2. Experimental Methodology 36
and this was important given that the forward °ight of the rotor was simulated
by the wind tunnel °ow. Before the start of each test, the talcum powder was
replenished so as to ensure that the particles could easily be picked up by the
°ow. As the talcum powder layer on the ground depleted during the course of the
experiment, it was essential that the camera photography was done as soon as pos-
sible after the rotor was switched on, subject to the decay of the start-up transient.
The major di±culty with the °ow visualisation was brought about by the high
rotational speeds of the rotor and consequently the high frequency of passage of
the trailed vortices over the ground; while still photographs or standard video
rates are useful, time-resolved video using a high speed camera would allow more
information from the °ow visualisation to be gained. This was recognised, and
a Mikrotron MotionBlitz high-speed digital video camera was used for these ex-
periments. This camera was capable of recording at a frame rate of 500Hz at
a full-frame resolution of 1k £ 1k pixels, and was ¯tted with a range of Nikon
lenses to suit the ¯eld-of-view and the amount of illumination available. Illu-
mination for this investigation was provided by a Laser Quantum Elite-532 5W
continuous wave (CW) laser, with a wavelength of 532nm. The laser beam was
expanded into a light sheet of approximately 2mm thickness, and was aligned to
illuminate a plane along the longitudinal axis of the rotor, along the symmetry
plane of the °ow. The brownout visualisations were conducted at °ight speeds
corresponding to normalised advanced ratios of ¹¤ = 0:37 and ¹¤ = 0:65, at rotor
ground distances of half (0.5R) and one (1.0R) radius. The rotor was operated
at a rotational speed of 94Hz (5640RPM) with the rotor thrust coe±cient, CT,
held constant at CT = 0:015 for all the tests. The normalised advance ratio (¹¤)
values that were required during the tests were obtained by varying the wind tun-
nel freestream velocity. The wind tunnel speed was measured using a pitot-static
probe placed at the tunnel working section entry, and this ensured that the rotor
operation did not have any e®ect on the wind tunnel calibration. A summary of
the di®erent tests conducted for °ow visualisation of the brownout phenomenon
is shown in Table 2.2.Chapter 2. Experimental Methodology 37
2.4 Preliminary ground e®ect °ow investigations
Preliminary ground e®ect °ow investigations were conducted using a home-built
PIV system. These experiments were conducted using the same rotor model used
in the Flow Visualisation tests discussed in Section 2.3.2. Quantitative analy-
sis of the wake of the rotor in ground e®ect forward °ight was conducted using
two-dimensional two-component (2D2C) digital PIV. 2D2C PIV allows for the
measurement of the (u,v) velocity components from a two-dimensional slice of the
°ow-¯eld. These experiments allowed for the °ow associated with Rotor A to be
quanti¯ed and provided a useful insight into the ground e®ect °ow-¯eld.
2.4.1 Wind Tunnel Facility for preliminary °ow investiga-
tions
The wind tunnel used for these PIV measurements was the so-called Anatomy
Wind tunnel, another small scale wind tunnel owned by the University of Glasgow.
The tunnel has a 1:15m £ 0:85m octagonal working section, with a contraction
ratio of 9:1 and a turbulence level of 0:3%. It is a closed return tunnel, capable
of a top speed of some 30ms¡1. For ground e®ect testing, a raised ground board
had to be placed into the wind tunnel working section due to its limited optical
access. This allowed for the PIV cameras to be set level with the ground plane to
capture the wake as close to the ground plane as possible.
2.4.2 Rotor Model
The rotor model used for the preliminary PIV investigations was the same as
that used during the °ow visualisation experiments. With both the Smoke and
Anatomy tunnels having similar cross-sectional dimensions, their wake constraints
(model-span-to-tunnel-width ratios) were similar. Measured to be 0.13 for the
Anatomy tunnel, this was signi¯cantly lower than the requirements stated by
Barlow et. al [59], an ensured minimal wind tunnel blockage e®ects on the devel-
opment of the ground e®ect wake.Chapter 2. Experimental Methodology 38
To test the e®ect of rotor blade root cut-out on the rotor wake in ground e®ect, cut-
outs were made at the roots of the propellers used in Rotor A. For this analysis, an
identical propeller to Rotor A was used, with a 40% span cut-out made at the root.
This propeller was used only for the PIV experiments, to identify any di®erences
in the wake in°uenced by the root cut-outs. A variety of ground distances, h
R =
0:5;1:0;1:5 and 2:0, were tested for a range of normalised advance ratios between
0:3 < ¹? < 1:3. As in the case of the °ow visualisation tests, all the PIV testing
done using this rotor model was for an untrimmed rotor state, as this rotor had
no pitch, lead-lag or °apping degrees-of-freedom. For each ground distance, the
rotor was operated with a constant thrust coe±cient of CT ¼ 0:015 for Rotor
A (and CT ¼ 0:013 for Rotor A with the blade root cut-out) , with the rotor
power allowed to vary according to the in°uence of the ground. The normalised
advance ratio for the various test cases were achieved by maintaining the rotational
speed of the rotor at 94Hz (5640RPM) and varying the wind tunnel freestream
velocity accordingly. A pitot-static probe placed at the entry of the tunnel working
section was used to measure the freestream speed, and this ensured that the rotor
operation did not a®ect the calibration of the wind tunnel. Details of the tests
conducted at the di®erent ground distances and normalised advance ratios are
summarised in Table 2.2.
2.4.3 Rotor in ground e®ect experiments using PIV
Particle Image Velocimetry (PIV) is an optical experimental technique used to
quantitatively measure °uid °ows. It utilises light re°ecting properties of tracer
particles suspended in a °uid to measure its velocity. This methods relies on the
fundamental assumption that the tracer particles suspended in the °ow faithfully
follows the °uid motion. In this technique, tracer particles of nominal diameters
between 1 ¡ 2¹m are used to seed the °ow. A powerful light source, usually a
pulsed laser, is used to illuminate the required region of interest of the °ow-¯eld.
The laser beam is normally expanded into a thin light sheet of 2¡3mm thickness,
and the laser is pulsed to produce short, powerful bursts of light. In the case of
two-dimensional two-component (2D2C) PIV, the method employed for this pre-
liminary investigation of the ground e®ect °ow-¯eld, an imaging system is placed
normal to the °ow region of interest. Two successive images of the particle seeded
°ow-¯eld, separated by a known time delay, referred to as the inter-pulse timeChapter 2. Experimental Methodology 39
delay, ¢t, is recorded. Particle displacements between the two recorded images
are derived through correlation analysis. Images recorded during the PIV are sub-
divided into smaller interrogation areas, and corresponding interrogation areas are
usually cross-correlated to derive the particle pixel displacement information. A
calibration of the PIV system is done to relate the pixel and physical coordinates
of the °ow-¯eld and provide transfer functions necessary to convert the derived
pixel displacements to physical particle displacements. With the inter-pulse time
delay known, the velocity of the °ow-¯eld is then derived from the images. (A
more detailed description of the principles of PIV can be obtained from Appendix
A).
The home-built PIV system used for these ground e®ect tests has been employed
in a range of rotor °ow tests in the past [62, 64, 65]. It is based on a Spectra-
Physics Lab130-10 Nd:YAG single cavity, double pulsed, frequency doubled laser,
with a wavelength of 532nm, operating at a repetition rate of 10Hz. The laser was
Q-switched, to produce short, high energy laser pulses [66], with pulse duration of
8ns. The laser beam was expanded into a light sheet that was aligned with the
symmetry plane of the rotor, along the wind tunnel longitudinal axis. Di®erent
regions of the °ow, upstream of the rotor hub were investigated by traversing the
light sheet along this plane. For the 2D2C PIV, a Kodak MegaPlus ES1.0 digital
video camera, with a 1008 £ 1018 pixel CCD chip, ¯tted with a 50mm focal length
Nikon lens set to f-number, f# = 2:4, was used to capture images of the °ow. The
camera has a 9 micron pixel size and a bit-depth of 8. The camera was placed
normal to the object plane illuminated by the laser light sheet of approximately
2mm thickness. Seeding was produced using a Concept Systems ViCount Smoke
Generator that heats smoke oil to produce a ¯ne oil mist; the manufacturer claims
a nominal smoke particle diameter of 0:2¹m. Image capture was done using a Na-
tional Instrument (NI) PCI-1424 digital frame grabber operated using LABVIEW.
The laser, camera control and image capture systems were all synchronised using
a NI PCI-TI0-10 counter timer card and controlled by a single computer.
A photograph of the experimental set-up of the 2D2C PIV is shown in Figure 2.2
(a). Its corresponding schematic, in Figure 2.2 (b), better illustrates the set-up
and shows the positions of the laser light sheet, the rotor and the camera with
respect to one another. For this PIV set-up, two regions of the °ow-¯eld wereChapter 2. Experimental Methodology 40
(a) Experimental Set-up in wind tunnel (b)Schematic of Experimental Set-up
(c) ROI just ahead of the rotor hub (d) ROI ahead of the rotor disk L.E
Figure 2.2: 2D2C PIV set-up for preliminary investigation of the ground e®ect
°ow-¯eld. Frame (a) shows the experimental set-up, with Frame (b) showing
the plane of illumination of the light sheet. Frames (c) and (d) show the regions
considered for the 2D2C PIV using the Kodak MegaPlus ES1.0 digital video
camera.
primarily of interest. Figure 2.2 (c) and Figure 2.2 (d) illustrate these regions
of interests (ROI), with the ¯rst concentrating on a region under the rotor disk,
ahead of the rotor hub, and the latter ¯gure illustrating the region of interest
ahead of the leading edge (L.E) of the rotor disk. These areas of the °ow-¯eld
were considered due to evidence from literature suggesting the presence of most
of the ground e®ect °ow features in these areas [27]. The plots also indicate the
range of normalised advance ratios tested at each camera view and this was de-
termined during the course of the experiments. The optical arrangement for both
the PIV set-ups, allowed for a 15cm £ 15cm square ¯eld-of-view of the °ow to be
recorded. Scaled in terms of the rotor radius, this amounts to a two radii (one
diameter) square ¯eld-of-view. Spatial resolution of the measurements are usually
dictated by the ¯eld-of-view, and for the current experimental set-up, the e®ective
measurement area per point was around 0:036R £ 0:036R.Chapter 2. Experimental Methodology 41
Figure 2.3: 2D2C PIV region of interest using the Redlake MegaPlus MP4
camera. A larger ¯eld-of-view was obtained from this camera.
In cases where the ground e®ect wake was seen to extend further upstream than
one rotor diameter, a higher resolution Redlake MegaPlus MP4 digital video cam-
era, with a 2048 £ 2048 pixel CCD chip, was used. This camera has a 7.2 micron
pixel size and a bit-depth of 10. It allowed for wider ¯elds-of-view to be captured
with no compromise to the resolution of the velocity vector maps derived from
the images. For these tests, the e®ective measurement area per point was around
0:044R £ 0:044R. This camera was used especially for the lower normalised ad-
vance ratio cases, where the wake was seen to spread upstream, far ahead of the
rotor. Figure 2.3 illustrates the region of the °ow-¯eld investigated with the higher
resolution Redlake MegaPlus MP4 camera, with the experimental set-up similar to
that shown in Figure 2.2 (a) and (b). The camera was ¯tted with a 50mm Nikon
lens set to f# = 2:4 and was used to image a three radii square ¯eld-of-view of
the ground e®ect °ow-¯eld. Image capture in this case was done using a National
Instruments (NI) PXI-1033 chassis, housing a camera link NI PXI-1428 digital
frame grabber and a NI PXI-6602 counter timer unit. A NI TB-2715 Terminal
Block was integrated with the counter timer unit to allow synchronisation of the
laser, camera controls and imaging system. This system was connected via a PCIe
interface card to a PC, where LABVIEW was used to control the camera and laser
systems. A Concept Systems ViCount Smoke Generator was again used to create
the tracer particles used to seed the °ow.
Double frame, double exposure PIV was used to record images of the °ow-¯eld,
where two images, separated by a known inter-pulse time delay, ¢t, are taken.Chapter 2. Experimental Methodology 42
For each test case, 300 image pairs were recorded, with the laser inter-pulse time
delay set at ¢t = 90¹s. Analysis of the images, by successive cross-correlation and
Lagrangian tile-shifting algorithms were conducted and produced high-resolution
velocity vector maps [64].Chapter 2. Experimental Methodology 43
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2.5 Ground e®ect experimentation with varying
ground boundary conditions
A major aim of this research was to investigate the in°uence and importance of
ground boundary conditions on the wake produced by a rotor in ground e®ect.
A wind tunnel ¯tted with a rolling road was used to vary the ground boundary
conditions during these tests. To investigate the e®ect of the rotor on the ground
e®ect wake, the states of the rotor had to be controllable. Using data and set-up
experiences gained from the preliminary tests, a suitable rotor model was manu-
factured.
PIV was the experimental method used in these tests to obtain three-dimensional
°ow data for wide areas of the ground e®ect wake. The tests were done for a
range of ground distances, rotor trim conditions, normalised advance ratios and
ground boundary conditions. The following subsections provide details of the wind
tunnel facility, rotor models and experimental equipment used to conduct these
experiments.
2.5.1 Wind Tunnel and Rolling Road Facility
The wind tunnel used for these experiments is the so-called Argyll wind tunnel.
It is a closed return tunnel with an octagonal cross-sectional working section,
measured to have a width of 2:7m and a height of 2:0m, and a maximum °ow
velocity of some 72ms¡1. A rolling road, of 1:9m width and a length of 3:9m makes
up the °oor of the working section, with the rolling road belt having a width of
1:63m. The rolling road is claimed to reach speeds comparable to the speeds of
the tunnel, although the tunnel can be used independently from the rolling road
as required. A diagrammatic representation of the wind tunnel working section
and the rolling road is shown in Figure 2.4.Chapter 2. Experimental Methodology 45
Wind tunnel working section
rolling road belt
rolling road
1.63m
1.9m
1.3m
2.67m
freestream
2.0m
Figure 2.4: Cross-section of the working section of the Argyll Wind Tunnel
and rolling road.
2.5.2 Rotor Rig
2.5.2.1 Requirements and Constraints
A suitable rotor model had to be manufactured for these experiments to meet
the objectives of this research. The rig had to be designed to satisfy the research
objectives, while complying to the constraints imposed by the experimental facil-
ity. Factors such as the interference e®ects of the wind tunnel walls on the rotor
wake, the spread of the rotor ground e®ect wake, and set-up di±culties had to be
considered during the design process.
A fully controllable rotor model had to be manufactured to ensure that identical
rotor con¯gurations could be maintained during investigations of the ground e®ect
wake. This was particularly important when comparisons were made with other
ground e®ect data or di®erent tests cases. Previous research have also identi¯ed
rotor trim to have an e®ect on the symmetry of the ground interaction boundary
[29] and a®ect the in°ow through the rotor disk [23]. In addition to this, the de-
signed rotor model also had to be able to operate in an untrimmed con¯gurationChapter 2. Experimental Methodology 46
to allow for data veri¯cation and comparisons between results derived from ¯xed
pitch rotor models. This thus meant that the rotor model had to be designed to
allow for blade pitch adjustments. Incorporating a pitching mechanism which will
allow for collective and cyclic adjustments of the blade pitch angles during rotor
operations, will ensure that the trim status of the rotor model is easily controlled.
To facilitate testing at di®erent ground distances, an appropriate mechanism allow-
ing for rotor height adjustments above the ground plane also had to be designed.
The rig also had to be designed to be compact, while housing all the required
instrumentation that would be used to de¯ne the rotor state. This would ensure
minimal interference from the rotor on the developing ground e®ect wake.
Investigations of the ground boundary e®ect on the rotor wake meant that the
Argyll wind tunnel, with its rolling road facility would be used to vary the ground
boundary conditions. A suitable mounting mechanism for the rotor had to be
additionally considered to ensure that the rolling road could be operated without
obstruction from the rotor.
The rotor model also had to be sized appropriately based on the physical dimen-
sions of the wind tunnel. Factors such as wall constraints and wake blockage had
to be considered to ensure that the developing wake from the rotor model was un-
a®ected. For the PIV, camera access locations and the moving ground conditions
also had to be considered to ensure that the experiments are conducted e±ciently
and valid data from the °ow-¯eld is obtained.
2.5.2.2 Rotor Sizing
Initial rotor sizing to determine the amount of power required to operate the ro-
tor was performed before detailed design of the rig was considered. Basic design
parameters, such as the rotor hub design, number of rotor blades and disk diame-
ter had to be considered before a power estimate could be derived. Initial design
considerations favoured the use of a teetering rotor hub for the rig due to its sim-
plicity of design and ease of manufacture. Although a teetering hub would have
also simpli¯ed the trimming process, the need to be able to control the rotor trimChapter 2. Experimental Methodology 47
status meant that pitch adjustment capabilities needed to be implemented with
the teetering hub. This would also have required the implementation of °y-bars
with the teetering hub [67]. Since this would have further complicated the aero-
dynamics of the rotor wake, this idea was abandoned for a rigid hub with direct
cyclic control inputs.
A four-bladed rotor design was identi¯ed instead with the rotor hub controlled by
a conventional swashplate. Based on this four-bladed rotor, the power required
for operation was estimated using momentum theory calculations [11]. Calcula-
tions for a range of rotational speeds and rotor diameters (considering the size
limitations of the wind tunnel) were performed to estimate the power required
for a range of °ight speeds. Results from these calculations were used to identify
a suitable motor unit to power the rotor rig. A diameter of 1:0m was selected
for the rotor rig, and mean that the model-span-to-tunnel-width ratio (based on
the Argyll Wind tunnel dimensions) would be 0.37. Although this was within the
range stated by Barlow et. al [59], a smaller rotor diameter could have been used
to ensure minimal wall e®ects on the wake. This choice of rotor diameter was
made primarily to obtain better de¯nition of the ground e®ect wake features and
the tip vortex cores structures with the cameras available with the PIV system.
The dimension of the rotor model was also in°uenced by the need to build a rig
capable of withstanding high loading and vibrations expected to be experienced
by the model during the testing. With the lateral spread of the ground e®ect wake
at di®erent normalised advance ratios measured during the preliminary brownout
°ow visualisation tests, it was identi¯ed that the wake produced by this rotor may
be subjected to interference e®ects from the wind tunnel walls. To identify any
e®ects of the wind tunnel walls on the wake structures, data obtained from this ro-
tor model was veri¯ed with PIV results from tests performed using a smaller rotor
model installed and tested in the same wind tunnel. (Refer to section 2.5.2.7).
2.5.2.3 Rotor design
Design of the rotor model was based on components used in radio-controlled he-
licopter models. Main rotor components of helicopter models, such as the swash-
plate, rotor hub and blades were utilised in the construction of the rotor rig as theseChapter 2. Experimental Methodology 48
would have been complex, costly and time-consuming to manufacture. Commer-
cial availability also meant that these parts could readily be replaceable if damaged
during experimental testing.
Schematics of the designed rotor rig are shown in Figures 2.5 - 2.7. The rotor
hub, shaft, swashplate, swashplate driver and rotor blades used for this model
were sourced from Vario Helicopter1. The rotor hub is rigid, capable of pitch al-
terations, with no lead-lag and °apping degrees-of-freedom. Blade °apping, due
to the °exibility of the rotor blades was observed to result in a °ap/cyclic phase
lag close to 90o. An aluminium swashplate is connected to the rotor hub via pitch
linkages, and the rotor shaft is a circular steel shaft of 10mm diameter. A swash-
plate driver, connected to the inner ring of the swashplate and attached to the
shaft was used to ensure that the blade cyclic pitch angles varied correctly around
the azimuth. A Panasonic A-series (MSMA - 082A1C) servo motor and controller
unit, capable of 750W power and a rated speed of 3000RPM, were used to drive
the rotor through a pulley and belt system, that connected the motor shaft to the
rotor shaft (Figure 2.5). A belt-drive was chosen for the rig to isolate the motor
vibrations from the rotor system. Load-cells, used to measure the thrust produced
by this rotor system, was attached under the base plate of the rotor.
The rotor pitching mechanism is based on the concept used in the Thunder Tiger
Raptor 60 radio-controlled helicopter model [68]. Components of this are shown
in Figures 2.5 and 2.6. The pitching mechanism consists of a top plate, rocker arm
and two RS-42DBL10 series digital linear actuators (stepper motors), capable of
withstanding 100N of load. Both the rocker arm and the stepper motors sit on
the top plate and are connected to the swashplate via connecting arms (see Figure
2.6) . A displacement transducer was connected to each stepper motor to measure
the cyclic pitch inputs transmitted to the rotor blades during rotor operations.
This set-up allows for automatic cyclic pitch control of the blades during rotor op-
eration, but only manual adjustments for collective blade pitch angles. Automatic
collective blade pitch angle alteration was considered unnecessary to incorporate
in the model as it would contribute to additional complexity and bulk of the over-
all system.
1Vario Helicopter UK Sales, 229 Church Lane, Lowton, Warrington, Cheshire WA3 2RZChapter 2. Experimental Methodology 49
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Figure 2.5: Schematic of designed rotor rig - SideView
Manual adjustments of the blade collective angles (µ0), can be made by adjusting
the height of the top plate, seen in Figure 2.5, along the support columns. As
the top plate is adjusted, the rocker arm and stepper motors, attached to the top
plate, move together with it, adjusting the height of the swashplate along the ro-
tor shaft accordingly. This swashplate height adjustment is in-turn transmitted to
the rotor hub via the pitch linkages, connecting the swashplate and rotor blades.
This process could have been automated by simply including an additional step-
per motor to adjust the height of the top-plate, although manual adjustment was
maintained to keep the rotor design simple and compact.
Blade cyclic angles are implemented by the lateral and longitudinal cyclic actua-
tion systems shown in Figures 2.5 and 2.6, respectively. Both the actuators work
independently of one another, with a voltage change raising or lowering the step-
per motor lead screw. For the lateral cyclic actuation system, shown in Figure
2.5, a stepper motor actuation alters the height of the lead screw. The swivel
eye, holding the connecting arm, moves accordingly, tilting the swashplate along
the longitudinal cyclic swivel axis, as shown in the ¯gure. This is transmitted to
the rotor hub and results in a change in the lateral cyclic blade pitch angles, µ1c.
The longitudinal cyclic actuation system is shown in Figure 2.6. The presence ofChapter 2. Experimental Methodology 50
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Figure 2.6: Schematic of designed rotor rig - Front View
the lateral cyclic pitch mechanism ahead of the rocker arm is omitted from this
¯gure to illustrate the longitudinal cyclic actuation mechanism. As in the case of
the lateral cyclic actuation system, an actuation of the longitudinal cyclic stepper
motor alters the height of the swivel eye on the lead screw. This in-turn alters
the tilt of the swashplate along the lateral cyclic swivel axis. The rocker arm,
connected to the same end of the swashplate rotates about its hinge, according to
the orientation of the swashplate. The rocker arm also helps hold the orientation
of the swashplate to ensure that the cyclic inputs are maintained around the rotor
azimuth. This lateral tilt in swashplate is transmitted to the rotor blades via the
pitch links and results in a change in the longitudinal cyclic blade pitch angles, µ1s.
Locations of the di®erent rotor components and cyclic pitch actuation assemblies
with respect to the rotor hub are illustrated in Figure 2.7. The top view of the
rotor system presented in this ¯gure also shows the rotor model having an anti-
clockwise rotation. The rotor blades used for this model are re°ex cambered, with
a span of 675mm and a blade chord of 53mm. Since suitable sized blades could
not be purchased, and would have been costly to manufacture, these blades were
eventually cut down to the 1:0m diameter required for the rig. The blades, made
of glass reinforced plastic, have a pro¯le thickness of 6:8mm. The blade aerofoilChapter 2. Experimental Methodology 51
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Figure 2.7: Schematic of designed rotor rig - Top View
Large Rotor Dimensions
Blades 4
Rotor radius 500mm
Pitch Collective and Cyclic Variable
Blade tip Square-cut tip
Blade Chord 53mm
Root Cut-out Radius 15cm
Max Thickness Ratio 12% at 50% outboard of root (6:8mm)
Table 2.3: Large Rotor Dimensions
section is thought to be a NACA - 2412 section [69], although this is not con¯rmed
by the manufacturer. A summary of the rotor model is given in Table 2.3 and for
simplicity, this rotor is referred to as the Large Rotor throughout the rest of this
dissertation.Chapter 2. Experimental Methodology 52
Figure 2.8: Instrumentation on the rotor rig
2.5.2.4 Rotor Instrumentation
Figure 2.8 shows a photograph of the manufactured rotor rig. All the di®erent
components of the rotor model can be seen in the picture, which also highlights
the instrumentation installed on the rig, used to quantify the rotor status during
the experiments.
Cyclic blade pitch angle inputs applied by the stepper motors to the rotor blades
were measured by two Bei Duncan Electronics 9600 Series displacement trans-
ducers. These displacement transducers were attached to the lead screws of the
stepper motors via connecting arms (details of which are presented in Figure 2.5)
and recorded a change in voltage for a change in the height of the lead screw (blade
cyclic pitch). Together with these transducers, the height of the top plate with
respect to the base plate was calibrated to quantify the collective and cyclic pitch
input to the rotor blades. Calibration curves of the displacement transducers and
the top plate can be found in Appendix B, with the calibration done to a precision
of §0:3o.
Thrust from the rotor was measured using four Novatech F238 load-cells, capable
of measuring loads up to 100N. The load-cells were attached at the corners ofChapter 2. Experimental Methodology 53
the base plate of the rotor system, as seen from Figure 2.8. While these load-cells
were used to measure the vertical forces acting on the rotor system, they could still
transmit horizontal forces. The total thrust produced by the rotor rig was obtained
by a simple addition of the vertical forces measured by each individual load-cell.
With the distance between the positions of the load-cells known, trimming of the
rotor was accomplished by calculating the pitching and rolling moments associated
with the vertical forces measured by each load-cell, with reference to the position
of the rotor hub.
Signals from the displacement transducers, load-cells (connected to load-cell am-
pli¯ers) and motor system were monitored through a National Instruments NI-
USB-6229 DAQ (Data Acquisition) box and a computer. A LABVIEW program
running on the computer was used to calculate the rotor thrust and cyclic blade
pitch angles set during the experiments. Speed, power and torque information
measured by the motor controller unit were also displayed to provide a compre-
hensive idea of the state of the rotor during the testing. The LABVIEW program
also provided a live display of the location of the vertical thrust centroid of the
rotor system, calculated from the vertical force information provided by the load-
cells. The display was used to show the location of the vertical centroid with
respect to the rotor hub and was used to trim the rotor. For experiments where
a trimmed rotor con¯guration was required, the longitudinal and lateral cyclic
angles were adjusted manually to an accuracy of §0:5cm, to align the vertical
force centroid of the system with the rotor hub, such that the moments associated
with the vertical forces about the rotor hub, were zero. With only the vertical
forces and moments considered in this process, the Large Rotor only maintained
a quasi-trim state in these experiments. (Further details are provided in Section
5.1.2.) For the untrimmed rotor state, both the lateral and longitudinal cyclic
blade pitch angles were set to zero, with an accuracy of §0:01o.
2.5.2.5 Installation in the Argyll Wind Tunnel
The rotor model was installed in the Argyll Wind Tunnel using an existing sting
support system, originally designed for a di®erent research project [70]. This sting
was modi¯ed by including an additional support arm on which the rotor rig was
attached, and is shown in Figure 2.9. This sting support had an added advantageChapter 2. Experimental Methodology 54
Figure 2.9: Wind Tunnel installation of the Large Rotor
of being attached to the support shaft by rollers, which allowed for the height of
the rotor rig to be altered easily. The di®erent rotor ground distances that were
required during the ground e®ect experiments were thus easily achieved. Also,
the arrangement of the sting support system ensured that the rolling road could
be operated for the moving ground con¯guration tests without any hindrance
from the rotor system. Lateral sti®eners were additionally attached from the side
walls of the tunnel to the rotor support system to reduce lateral vibrations during
operations and add to the rigidity of the system during prolonged testing.
2.5.2.6 Performance Testing
Extensive performance testing of the Large Rotor at 1100RPM (16Hz) in the
wind tunnel showed consistent and smooth rotor operations with low vibrations.
At this speed, excessive vibrations were only observed at the extreme cyclic pitch
angle settings (¼ 16o) and during resonance, observed to occur when the rotor was
operated at a rotational speed of 780RPM (13Hz). Blade tracking was checked
to ensure that there was no signi¯cant rotor balance issues. An upstream looking
view of the rotor set-up in the wind tunnel is shown in Figure 2.10. The rotor
was oriented and positioned in the manner shown in the ¯gure to ensure that the
cyclic pitch changes of the blades occurred at the right azimuthal locations. NoChapter 2. Experimental Methodology 55
Figure 2.10: Large Rotor set-up in the wind tunnel
disk tilt was incorporated in the model as this has been seen to have a minimal
e®ect on the ground e®ect wake [24].
2.5.2.7 Small Rotor Model
To investigate the e®ect of wind tunnel wall constraints on the experimental results
from the Large Rotor, further PIV experiments were conducted using a smaller
rotor in the wind tunnel. A two-bladed rotor model with a rotor diameter of
310mm was used for these experiments. The rotor blades had a symmetrical aero-
foil section with a 31:7mm chord, were 10.7% thick, were un-tapered, untwisted
and had a ¯xed pitch of 10o. The blades were purchased ready-made and the aero-
foil section was similar to that of the NACA 4-digit section with the same thickness.
A 400W Panasonic AC digital servo motor, capable of a rated speed of 5000RPM
(83Hz), was used to power the Small Rotor model. An accompanying Panasonic
motor control unit was used to provide torque and speed information during the
experimentation. Both the rotor and servo motor were attached to a 20kg No-
vatech F-310 load-cell and this was connected to a PC via a NI-USB-6629 DAQ
interface to provide the thrust information of the rotor. Only untrimmed ground
e®ect tests were performed with this rotor system due to its ¯xed pitch. The rotorChapter 2. Experimental Methodology 56
Figure 2.11: Small Rotor set-up in the wind tunnel
Small Rotor Dimensions
Blades 2
Rotor radius 155mm
Pitch 10o
Blade tip Square-cut tip
Blade Chord 31.7mm
Max Thickness Ratio 10.7% at 50% outboard of root
Table 2.4: Small Rotor Dimensions
system was installed in the wind tunnel using a base-plate attached to the sting
and support system used for the Large Rotor tests. The set-up of this system in
the wind tunnel is shown in Figure 2.11. Details of this rotor system is provided
in Table 2.4 and for simplicity, this rotor is referred to as the Small Rotor.
2.5.3 Experimental Testing in the Argyll Wind Tunnel
Extensive PIV tests were conducted with the Large Rotor during the course of this
research to investigate the ground e®ect wake. A summary of the tests performed
with this rotor is presented in Table 2.2. To fully quantify the ground e®ect wake
formed by this rotor, a series of 2D2C and Stereoscopic PIV tests were performed
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advance ratios. Stereoscopic Particle Image Velocity (PIV) employs the same fun-
damental concepts of 2D2C PIV to derive three-component velocity information
from a two-dimensional slice of the °ow-¯eld. This method employs two imaging
systems, placed o®-axis, by a known perspective angle, µ, to the plane of interest in
the °ow-¯eld. Images of the same region of the °ow, recorded by the two imaging
systems are then analysed to derive in-plane (u;v) velocity components associated
with the °ow. With the perspective angles between the imaging system and the
plane of the °ow known, the cross-°ow velocity component, w, from the imaged
region can also be derived. Stereoscopic (Stereo) PIV is known to produce more
accurate measurements of the in-plane velocity components in the °ow-¯eld and
a more detailed description of this method is provided in Appendix A.
A commercial PIV system (LaVision) was used for wide area PIV testing per-
formed with the Large Rotor. The LaVision system consists of a Litron double
cavity, Nd:YAG laser, which is Q-switched to produce 0:5J pulses of 8ns pulse
duration. The laser is frequency doubled with a 532nm wavelength. Two Imager
pro X, 11 Megapixel cameras (4008 £ 2672 pixel CCD chip), with 9¹m pixel size
and a bit depth of 14, were used together with the laser to obtain PIV data of °ow
areas in excess of 1m2. Correct focus for Stereo PIV could be achieved using man-
ual focus and scheimp°ug adapters or, alternatively, using remote control focus
and scheimp°ug mounts. DaVis 7.2, the software accompanying the LaVision sys-
tem, was used to control a computer installed with a Maxtrox Solios CameraLink
frame-grabber and a software controlled Programmable Timing Unit (PTU) (Ver-
sion 9) [71]. These were used to synchronise the laser, camera control and imaging
system. The cameras were focused on a laser light sheet of approximately 4mm
thickness, aligned with the symmetry plane of the rotor along the wind tunnel
longitudinal axis for most of the tests conducted. Seeding particles used in the
PIV was produced by a PivTech 40 Seeding Generator, which uses pressurised air
and olive oil to generate an oil mist with mean particle diameters of approximately
1¹m.
The main challenge faced during the set-up of the PIV system in the Argyll wind
tunnel, was the alignment of the cameras with the regions of interest in the ground
e®ect °ow-¯eld. To record the wake close to the ground, the cameras were required
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Argyll wind tunnel meant that the cameras had to be mounted to rails which were
attached to beams making up the frame of the wind tunnel working section. Slots
had to be cut out along the side walls of the working section, close to the level of
the ground, to allow optical access for the cameras to view the required region of
interest. A photograph of the PIV camera set-up for the Stereoscopic PIV experi-
ment is shown in Figure 2.12. Focusing of the PIV cameras on the required region
of interest was performed manually using manual focus lenses and for the stereo
PIV, manual scheimp°ug adaptors were used. For the stereo PIV set-up, the cam-
eras were arranged in the angular displacement stereo PIV arrangement, to allow
for greater measurement accuracy of the velocity components (refer to Appendix
A). In this case, scheimp°ug adaptors were used to ensure uniform magni¯cation
gradients across the image. Camera perspective angles were determined by the
DaVis 7.2 software during the calibration procedure.
A range of Nikon ¯t camera lenses (50mm and 105mm focal lengths with f# = 2:8
and 200mm focal length with f# = 4:0), were used to obtain the required ¯elds-
of-view during the tests, and these are schematically illustrated in Figure 2.13.
Most of the regions of interests (ROI) were of the °ow-¯eld near the ground and
were mainly taken to capture the development of the ground e®ect wake features.
As in the case of the preliminary PIV tests, two regions of the °ow-¯eld were con-
centrated on; upstream of the rotor disk and under the leading edge of the rotor
disk, as shown in Figures 2.13 (a) and (b). For these cases, the 50mm lenses with
f# = 2:8 were ¯tted to the cameras to obtain a 1:0m £ 0:7m ¯eld-of-view . The
e®ective measurement area per point in these tests was around 0:013R £ 0:013R.
Speci¯c regions of the ground e®ect wake were imaged using a Sigma 105mm lens
with f# = 2:8, and these tests were mainly concentrated in the region near the
ground plane coincident with the leading edge of the rotor tip, as shown in Figure
2.13 (c). In this case, the PIV ¯eld-of-view was 0:4m £ 0:25m and the e®ective
measurement area per point was around 0:0062R £ 0:0062R. PIV tests of the
developing tip vortex system was also conducted, as shown in Figure 2.13 (d)
and this was used primarily to measure the circulation strength of the tip vortex
system, to characterise the rotor °ow. A Nikon 200mm lens was used for these
tests and provided a 0:25m £ 0:2m ¯eld-of-view, with the e®ective measurement
area per point around 0:004R £ 0:004R. The ¯elds-of-view presented in FigureChapter 2. Experimental Methodology 59
Figure 2.12: Camera Access in the Argyll wind tunnel. The picture shows
the Stereo PIV arrangement of the cameras during one of the tests.
2.13 were tested for both the 2D2C PIV and Stereoscopic PIV cases. In the case
of the Small Rotor, the Sigma 105mm lens with f# = 2:8, was used to image
the rotor wake at two locations, as shown in Figure 2.14. Only 2D2C PIV was
performed with the Small Rotor for a 0:4m£0:25m ¯eld-of-view, and the e®ective
measurement area per point was around 0:0062R £ 0:0062R.
The PIV tests for the Large Rotor were performed for 4 di®erent experimental
con¯gurations; (i) Ground stationary with an untrimmed rotor, (ii) Ground mov-
ing with an untrimmed rotor, (iii) Ground stationary with a quasi-trimmed rotor
and (iv) Ground moving with a quasi-trimmed rotor. These con¯gurations al-
lowed for the in°uence of rotor trim and more importantly the e®ect of the ground
boundary conditions on the ground e®ect wake of the rotor to be investigated.
The tests were carried out at two di®erent collective pitch settings of µ0 = 8:8o
and µ0 = 12:8o. At µ0 = 8:8o, the rotor thrust coe±cient was CT = 0:010, while at
µ0 = 12:8o, the thrust coe±cient was CT = 0:015. Both thrust coe±cients quoted
are for IGE hover conditions, for a rotor ground distance of h
R = 1:0, and this
CT was constant throughout the range of normalised advance ratios tested. The
rotor was operated at a rotational speed of 16Hz (960RPM), with a rotor tip
speed of Vtip = 50:3ms¡1. The rotational speed of the rotor was kept constant
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°ow. As in the case of the preliminary tests, the wind tunnel speed for these PIV
experiments was measured using a pitot-static probe placed at the entrance of the
tunnel working section to avoid any alteration to the wind tunnel calibration by
the rotor operation. For the cases where the rolling road was moving, the speed of
the rolling road was matched to the speed of the wind tunnel freestream, V1, with
an accuracy of §0:1ms¡1. Two rotor ground distances of h
R = 1:0 and h
R = 2:0
were tested for a range of normalised advance ratios between 0:3 < ¹¤ < 1:0.
Double frame, double exposure PIV was used for both the 2D2C and Stereo PIV
tests, and 120 image pairs were recorded for each test case. With the 50mm lenses,
the time delay was set to ¢t = 300¹s, and for the 105mm and 200mm focal length
lenses, the time delays were set to ¢t = 200¹s and ¢t = 100¹s respectively. For
the PIV test cases conducted in the °ow regions ahead of the rotor disk (Fig-
ure 2.13, View 1), the laser was unsynchronised with the rotor. For all the other
¯elds-of-view tested near/under the rotor disk, shown in Figure 2.13, the PIV sam-
pling was synchronised with the rotor azimuth, with a phase angle of 45o. This was
done to ensure that the area under the rotor disk was una®ected by shadow during
blade passage through the lightsheet and also to avoid camera damage due to laser
re°ection. The images were post-processed with the DaVis 7.2 software using an
initial interrogation window size of 64£64 pixels, with a 50% overlap. An iterative
scheme was employed with the ¯nal interrogation window size of 32£32 pixels [71].
PIV tests with the Small Rotor were performed for two experimental con¯gura-
tions; (i) Ground stationary with an untrimmed rotor and (ii) Ground moving
with an untrimmed rotor. The tests were carried out at the ¯xed rotor pitch of
µ0 = 10:0o, with the rotor operated at a rotational speed of 60Hz (3600RPM)
and a rotor tip speed of Vtip = 56:5ms¡1. The rotor had an OGE hover thrust co-
e±cient of CT = 0:010 and the advance ratio for the tests were set by varying the
tunnel velocity. The tests were carried out at normalised advance ratios between
0:3 < ¹¤ < 1:0 and at a ground distance of h
R = 1:0. For all the PIV tests con-
ducted, 120 image samples were taken with a ¢t = 200¹s. For these experiments,
the rotor was unsynchronised with the laser. With the Small Rotor's model-span-
to-tunnel-width ratio around 0.10, the results from these experiments were used
to identify any wind tunnel interference e®ects a®ecting the experimental results
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2.6 Summary
This chapter describes the °ow visualisation and PIV experiments that were con-
ducted to investigate the rotor wake in ground e®ect. These experimental methods
were used to gather both qualitative and quantitative information of wide areas of
the ground e®ect °ow-¯eld. The experiments were aimed at identifying the e®ects
of rotor parameters and ground boundary conditions on the ground e®ect wake
of the rotor. Data from the °ow visualisation experiments was compared with
PIV results obtained using the same rotor model, to identify the mechanisms at
work within the brownout °ow-¯eld. These tests were also used as a preliminary
investigation of ground e®ect and results obtained from these tests were used in
the design and set-up of the main experiments on ground e®ect. The main set of
ground e®ect experiments were conducted in a wind tunnel installed with a moving
ground, to analyse the e®ect of ground boundary conditions on the ground e®ect
wakes of rotors. A rotor rig was designed especially for these tests and was used to
investigate the in°uence of other factors such as rotor ground distances, collective
angles and trim con¯guration on the ground e®ect wake. The following chapters
present the results from the °ow visualisation and PIV experiments conducted on
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(a) View 1: PIV ¯eld-of-view ahead of the rotor disk
(b) View 2: PIV ¯eld-of-view under the rotor disk leading edge
(c) View 3: PIV ¯eld-of-view at the ground, under the rotor disk leading edge
(d) View 4: PIV ¯eld-of-view at the rotor blade tip
Figure 2.13: Ground e®ect ¯elds-of-view of the Large Rotor.Chapter 2. Experimental Methodology 63
(a) View 5: PIV ¯eld-of-view ahead of the rotor disk
(b) View 6: PIV ¯eld-of-view further ahead of the rotor disk
Figure 2.14: Ground e®ect ¯elds-of-view of the Small Rotor.Chapter 3
Brownout Dust Cloud Flow
Visualisations
3.1 Introduction
Flow visualisation experiments were conducted as part of preliminary investiga-
tions of the wake of a rotor in ground e®ect. Primarily conducted in view of simu-
lating helicopter brownout, a phenomenon experienced by helicopter pilots during
ground e®ect operations near erodible surfaces, these experiments also provide
visualisations of the ground e®ect wake of rotors, the underlying °uid dynamics
leading to the brownout condition. In other words, the °ow visualisation exper-
iments conducted provided information about both the brownout condition and
the ground e®ect wake features causing it. These experiments also act as a prelude
to the quantitative experiments that were to be conducted for rotor operations in
ground e®ect.
Still images extracted from movie sequences recorded by a high speed video camera
are presented in the following sections, to help in the description of the °ow features
identi¯ed during the tests. The movies were recorded with a camera frame rate
of 300Hz and a shutter speed of 750¹s. In each image presented, the wind tunnel
°ow is from right to left and the rotor is visible at the left edge of the ¯eld-of-view.
A summary of the rotor parameters are presented in Table 3.1 with in-depth details
of the experiment provided in Section 2.3. While the brownout phenomenon is
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Experimental Parameters Values
Rotor Model Rotor A
Radius (R) 0:075m
¹¤ tested 0:37 & 0:65 (max)
Ground distances tested 0:5R & 1:0R
Rotor CT (OGE) 0:015
Rotational Speed 5640RPM (94Hz)
Table 3.1: Rotor and experimental parameters for the °ow visualisation tests
conducted to simulate the helicopter brownout phenomenon.
known to a®ect all the ground e®ect °ow regimes, normalised advance ratios tested
in these experiments mainly fell within the recirculation °ow regime (¹¤ <= 0:65)
described by Curtiss et. al [24]. This was limited by the maximum speed of the
wind tunnel; with the °ow advance ratios achieved by maintaining a constant rotor
rotational speed and adjusting the freestream velocity, the maximum speed of the
wind tunnel limited the maximum advance ratio that could be achieved for the
tests.
3.2 Flow visualisation of the helicopter brownout
phenomenon
Flow visualisations of the simulated brownout phenomenon showed the rotor wake
to be dominated by the tip vortex system leaving the rotor disk and a cloud of
powder present ahead of and around the rotor. As the tip vortices left the rotor
disk and encountered the ground, they were seen to trail along it. At a particular
upstream position, governed by the relative velocities of the trailing tip vortices
and the opposing freestream, the trailed vortices moved up and away from the
ground. A separation zone was seen to occur at the ground around this location
and the vortices were seen to move upwards, away from the ground, picked up by
the wind tunnel freestream and re-directed back towards the rotor. Figure 3.1,
a snapshot taken with the rotor at a ground distance of 1.0R and a normalised
advance ratio of ¹¤ = 0:65, show the identi¯ed °ow structures in the wake. Talcum
powder seeding, representing debris spread along the ground ahead of the rotor,Chapter 3. Brownout Dust Cloud Visualisations 66
was picked up and entrained by the vortices as they trailed along the ground to-
wards the separation zone, indicated by the bright white region on the ground in
the image. As the tip vortices left the ground at the separation zone, entrained
seeding particles were seen to follow the tip vortices' trajectories towards the ro-
tor. Most of the particles were eventually seen to cluster in the region between
the rotor and the separation zone, forming a cloud of dust. It is the formation and
presence of this dust cloud ahead of the helicopter during landing that results in
pilots losing visual and situational awareness, the so-called brownout.
Comparisons of this with a representative image from a lower normalised advance
ratio case, ¹¤ = 0:37, presented in Figure 3.2, show the separation zone to be less
prominent but further upstream in the °ow-¯eld (to the right of the rotor). A
wider camera ¯eld-of-view was required in this case to capture the whole wake
and the powder was seen to rise higher into the °ow-¯eld than during the tests
at the higher normalised advance ratio, presented in Figure 3.1. Contamination
of the air by the action of the rotor in the lower normalised advance ratio case
was greater in coverage and showed the severity of the situation at the lower °ight
speeds. The apparent wavy e®ect noticed along the ground in these images is a
feature in all the stills and is a result of the seeding being picked o® the ground
Figure 3.1: A still from high speed video sequences of simulated brownout
using talcum powder spread over the tunnel °oor. The rotor was at a ground
distance of 1:0R and operated at a normalised advance ratio of ¹¤ = 0:65.Chapter 3. Brownout Dust Cloud Visualisations 67
Figure 3.2: A still from high speed video sequences of simulated brownout
using talcum powder spread over the tunnel °oor. The rotor was at a ground
distance of 1:0R and operated at a normalised advance ratio of ¹¤ = 0:37.
by the tip vortices as they moved along the ground from left to right.
Flow structures identi¯ed in the wake at this rotor ground distance were also
present when the rotor was operated closer to the ground plane, con¯rming them
to be features of the ground e®ect wake. Tests conducted with the rotor at a ground
distance of 0.5R, showed the tip vortex system expanding along the ground plane
and a separation point formed upstream of the rotor. For comparable normalised
advance ratios, the estimated location of the separation zone at the lower ground
distance was seen to be further ahead of the rotor, although the extent of coverage
of the dust cloud was seen to be similar to that produced when the rotor was
higher above the ground. Representative snap-shots of the wake at the normalised
advance ratio of ¹¤ = 0:65, at the di®erent ground distances, are shown in Figure
3.3 and highlight the di®erences in the wake between the cases.
Video sequences from the °ow visualisation also displayed the unsteady nature
of the °ow-¯eld with °uctuations of the separation zone observed at both nor-
malised advance ratios tested. In both test cases, the separation zone was seen
to follow an oscillatory motion, moving back and forth around a mean groundChapter 3. Brownout Dust Cloud Visualisations 68
(a) ¹¤ = 0:65 at h=R = 0:5 (b) ¹¤ = 0:65 at h=R = 1:0
Figure 3.3: Stills comparing the wake at di®erent rotor ground distances. In
both cases, the rotor was operated at ¹¤ = 0:65. In frame (a), the rotor was
at a ground distance of 0.5R while in frame (b), the rotor was at a distance of
1.0R above the ground.
location. Movement of the separation zone was seen to be more pronounced and
frequent at the lower normalised advance ratio, suggesting greater unsteadiness
at this speed. The dust clouds formed at both normalised advance ratios tested
also showed unsteady variations in size; in some instances reaching regions of the
°ow-¯eld as high as (or even higher than) the rotor distance o® the ground. Strong
three-dimensionality of the °ow was also exhibited in the tests, where the movie
sequences showed small clusters of powder appearing (and disappearing) from the
plane of observation. Dust not originating from anywhere within the plane of
view was frequently seen appearing, while particles in the plane of illumination
were constantly seen to swirl out of the plane of view. These observations sug-
gest the presence of cross-°ow components in the °ow-¯eld and warrant further
investigations.
3.2.1 Tip Vortex Track
Images from the °ow visualisation, while displaying the nature of the wake, re-
vealed some of the more persistent °ow structures present in the ground e®ect
°ow-¯eld. The wake was seen to be dominated by the tip vortex system trailed
from the rotor. These tip vortices are clearly visible in Figure 3.2, beneath the
rotor disk and appear as small circular regions with dark cores devoid of seeding.Chapter 3. Brownout Dust Cloud Visualisations 69
In these experiments, the tip vortices were observed to have large cores at rela-
tively young wake ages (i.e. near the rotor disk) because of the choice of seeding
particles used for this visualisation. Large diameters and the relative density of
the talcum powder particles meant that they were unable to accelerate with the
air °ow, thus portraying the tip vortices to have large cores. Visualisations of the
wake showed the vortices to expand out along the ground ahead of the rotor disk;
tests conducted at di®erent longitudinal planes parallel to the longitudinal axis of
the rotor disk provide evidence for the expansion to be a three-dimensional pro-
cess, occurring around the front end of the rotor disk. Additionally, the side walls
of the wind tunnel were noticeably sprayed with powder after the experiments,
suggesting a radial expansion of the wake as was visualised by Kusmarwanto [29].
At the °ow separation zone, the trailing vortices were seen moving away from the
ground and picked up by the tunnel °ow and re-directed back towards the rotor.
The well-de¯ned track, maintained by the vortices along the ground, was seen to
disappear once these vortices reached the separation zone. The dark cores of the
vortices, visible along the ground plane, were seen to lose de¯nition after this point,
most probably due to vortex dissipation [72], which can explain the di±culty in
tracking the vortices after the separation zone. Analysis of the images at a high
normalised advance ratio, where the tip vortices leaving the separation zone were
more de¯ned, however, showed the vortices following di®erent paths after leaving
the ground. Observations showed some vortices directed back to the rotor to be
re-ingested, an example of which is shown in Figure 3.3 (b). This re-ingestion path
taken by the vortices was similar to observations seen in the recirculation regime,
where the trailing rotor wake was seen to be recirculated through the rotor disk
[24]. Re-ingestion of the tip vortices however, was not commonly observed in the
°ow visualisation movie sequences, and was even less frequently observed at the
lower normalised advance ratio test.
Instead of re-ingestion, the movies showed most of the vortices leaving the ground
at the separation zone to accumulate in the region of the °ow between the rotor
and the separation zone, coincident with where the dust cloud was seen to form.
An example of this is shown in Figure 3.4; in this image, a vortex that has left the
ground is seen accumulating within the dust cloud, just above the ground, to the
left of the separation zone. The presence of this accumulating vortex was seen toChapter 3. Brownout Dust Cloud Visualisations 70
Figure 3.4: Image showing a vortex accumulating within the dust cloud, just
after leaving the °ow separation zone. The rotor was at a ground distance of
1.0R and operating at a normalised advance ratio of ¹¤ = 0:65.
recirculate dust entering the cloud before the vortex was eventually convected back
towards the rotor by the wind tunnel freestream. The accumulation of vortices in
the zone of the dust cloud appeared to be a more salient feature of the wake at
the lower normalised advance ratio than the recirculation and re-ingestion of the
tip vortices. At the higher normalised advance ratio, this accumulation process
was also seen to occur, although in this case, clearly de¯ned tip vortices were also
seen to be circulated back towards the rotor plane and re-ingested through it.
The presence of vortices in the dust cloud region imply the presence of vorticity;
this is re°ected by observations of the dust particles present in this region following
a swirling motion similar to the rotational sense of the tip vortices. This swirling
motion of the dust particles were more visible along the ground plane, when the
dust particles were entrained by the tip vortices. It was also observed that some
regions of the °ow near the ground plane showed dust particles to rotate in a sense
opposite to the rotation of the tip vortices. An example of this is shown in Figure
3.5; in this image vortices rotating opposite to the rotational sense of the tip vor-
tices were observed around the °ow separation region. The appearance of these
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Figure 3.5: Image showing a series of vortices in the °ow-¯eld, seen to rotate
in a sense opposite to the tip vortices trailed from the rotor blades. The rotor
was at a ground distance of 1.0R and operating at a normalised advance ratio
of ¹¤ = 0:37.
zone imply secondary separation caused by the trailing tip vortices. Quantitative
data of the °ow-¯eld is however required before these observations can be sub-
stantiated. It however could be established through the °ow visualisations that
the di®erent paths taken by the tip vortices as they moved back towards the rotor
was one of the contributing factors in°uencing the unsteady nature of the wake.
3.3 Dust Transport Mechanism
Video sequences of the simulated brownout phenomenon revealed the trailing tip
vortex system as the sole contributor to the formation of the dust cloud. Record-
ings of the rotor wake trailing along the ground were obtained using a higher cam-
era frame rate of 1241Hz at a frame resolution of 960£456 pixels, and showed the
tip vortex system involved in the transport and uplifting of loose dust particles
from the ground. Vortices trailed along the ground after the rotor start-up tran-
sient were seen to pick up particles from the ground all along the trail, with the
most uplifting occurring at the lower right of each vortex as shown in Figure 3.6.
As the vortices moved along the ground, the lightest of these surface particles were
quickly suspended in the °ow just above the ground. These suspended particles
were seen to be entrained into the vortices and followed their path as they pro-
gressed along the ground plane. Heavier particles however, once dislodged from
the ground by the tip vortices, were seen to be projected away from the ground
and initially followed the mean direction of the °ow. The heavier mass and size of
these particles were seen to prevent them from following the tip vortex trajectoriesChapter 3. Brownout Dust Cloud Visualisations 72
Figure 3.6: Still from video sequence showing particles uplifted from the
ground. Most of the dust were seen to be picked up from the lower right corner
of the vortices. The rotor was at a ground distance of 1.0R and operating at
¹¤ = 0:37.
and resulted in them eventually returning to the ground some distance away from
where they were initially dislodged. Other more heavier particles were observed
to move along the ground plane, guided by the general °ow direction of the tip
vortices until the separation zone where they were seen to accumulate, resulting
in the separation zone to collect most of the dust. This accumulation of particu-
late matter around the separation zone was also observed in brownout simulations
carried out by Leishman et. al, where it was observed that `dunes' were formed
due to the tip vortex track along the ground [44].
The movement of the dust particles visualised at the ground plane showed similar-
ities to those identi¯ed in sedimentology research. In these studies, soil transport
by wind are classi¯ed into three broad categories, namely surface traction, salta-
tion and suspension. Surface traction refers to a process where soil particles move
(roll) along the surfaces in the direction of the wind [73]. Saltation refers to a
process whereby particles are ejected from the ground due to pressure di®erences
or impulse forces acting near the surfaces [54]. Particles uplifted in this manner
are usually seen returning to the ground surface a small distance away [74]. Sus-
pension refers to the process where particles uplifted by the wind are not seen
to return to the ground within the immediate vicinity. The initiation of particle
movement in these processes has been related to a surface shear stress and thresh-
old velocity, and has been proven to be directly dependent on the nature of the
particles (i.e. particle density, composition, diameter) [54]. Dust transport pro-
cesses observed in the °ow visualisations showed all three soil transport processes
at work in the °ow-¯eld, and show the presence of the fast moving tip vorticesChapter 3. Brownout Dust Cloud Visualisations 73
along the ground to provide the velocity required to transport these particles. Ob-
servations from these movie sequences suggest that these complex dust transport
models are required to be implemented in simulation models of brownout that
wish to accurately capture the dust distribution patterns around helicopters.
While the trailing tip vortices a®ect the particle pick-up mechanisms at the ground,
the presence of the ground plane near the trailing vortices from a rotor has been
known to a®ect the dynamics of the tip vortices. Literature provides informa-
tion of hover in ground e®ect experiments showing signi¯cant vortex merging to
occur as trailed rotor tip vortices encounter the ground plane [22]. Additionally,
these experiments also show quantitatively that the tip vortices undergo vortex
stretching, a process known to delay the onset of viscous di®usion by reducing
the vortex core sizes [75]. While it was not possible to visualise vortex stretching
from the visualisation experiments conducted for this research, signi¯cant vortex
merger was observed to occur in the °ow-¯eld. Figure 3.7 shows a sequence of
images which track two tip vortices as they trail from the rotor disk. In this case,
the rotor was at a ground distance of 1.0R and operating at a normalised advance
ratio of ¹¤ = 0:37.
Figure 3.7 (a) shows two individual tip vortices leaving the rotor plane and trail-
ing beneath the rotor disk. The vortices were seen to maintain their separation
distances as they were convected towards the ground plane, as shown in Figure
3.7 (b). As the vortices encountered the ground, the ¯rst vortex was seen to decel-
erate, while the second vortex, maintaining its descent rate, was seen to catch up
with the ¯rst. Eventually, the two vortices were seen to merge, with the preceding
tip vortex seen to tuck under the vortex in front of it. Between the time frames
of Figures 3.7 (c) - (d), the two vortices merged to form a single vortex, which
was seen to travel along the ground, causing additional dust to be dislodged along
its path. Figure 3.7 (e) illustrates this, with the image also showing the trajecto-
ries taken by larger particles uplifted by earlier vortices trailing along the ground
plane. These particles, ¯rst seen uplifted from the ground in Figure 3.7 (d), were
seen to carry on with their trajectories as they followed the general °ow direction
set by the vortices along the ground. These particles were eventually seen to fall
to the ground, some distance away from their original positions. Figure 3.7 (f)
shows the merged vortex, continuing in its path along the ground further upliftingChapter 3. Brownout Dust Cloud Visualisations 74
more particles along its way until it reaches the separation zone. Figure 3.7 (f)
also shows a younger pair of tip vortices just reaching the ground and starting the
merger process.
(a) Start of sequence
(b) 6.7 revolutions after frame (a)
(c) 15.7 revolutions after frame (a)
Figure continued on the next pageChapter 3. Brownout Dust Cloud Visualisations 75
(d) 18.5 revolutions after frame (a)
(e) 26.9 revolutions after frame (a)
(f) 38.7 revolutions after frame (a)
Figure 3.7: Sequence of stills showing vortex merger taking place near the
ground plane. The rotor was at a ground distance of 1.0R and was operated at
a normalised advance ratio of ¹¤ = 0:37.Chapter 3. Brownout Dust Cloud Visualisations 76
(a) Start of sequence (b) 2.8 revolutions after frame (a)
(c) 5.6 revolutions after frame (a) (d) 8.5 revolutions after frame (a)
Figure 3.8: Stills from high speed video sequences of simulated brownout
using talcum powder spread over the tunnel °oor with the rotor at a ground
distance of 1:0R and operating at a normalised advance ratio of ¹¤ = 0:65.
Observations from the °ow visualisation, suggest the vortex merging process to
occur more frequently at the lower normalised advance ratio. This, coupled with
the greater distances trailed by the vortices before reaching the separation zone,
resulted in a larger quantity of dust particles to be uplifted from the ground at
the lower normalised advance ratio as compared to the higher test speed. As the
vortices reached the separation zone, more particles were uplifted and most fol-
lowed the trajectories of the tip vortices back towards the rotor. Some particles
however, were seen to be ejected through the separation zone after they were dis-
lodged from the ground by the tip vortices. The heavier of these particles were
seen falling back to the ground some distance to the right of the separation zone,
while the lighter particles were directed back towards the separation zone by the
freestream.Chapter 3. Brownout Dust Cloud Visualisations 77
The °ow visualisation movie sequences showed the quantity of dust uplifted from
the ground to be strongly dependent upon the trajectories of the tip vortices
as they leave the ground. Depending upon the distances of the separation zone
from the rotor, which was governed by the normalised advance ratio of the °ow,
the vortices were either re-ingested through the rotor, or accumulated within the
dust clouds before they were eventually directed back towards the rotor by the
freestream. Often, the accumulating vortices were seen to in°uence the quantity
of dust picked up at the ground, in addition to recirculating particulate matter
as they left the ground at the separation zone. This was seen to occur indirectly,
with these accumulating vortices accelerating the tip vortices below them along
the ground plane.
An example of this is shown in a series of snapshots in Figure 3.8. The ¯gure traces
the path of the trailed tip vortices along the ground at a ground distance of 1.0R,
and a normalised advance ratio of ¹¤ = 0:65. Due to high velocities associated with
the trailing tip vortices, regions of the °ow, especially near the ground where the
vortices trail, appeared as streaks, blurred due to camera exposure times. Figure
3.8 (a) shows a vortex that has left the ground at the separation point, moved up
into the dust cloud, and starting to approach the rotor. The dust cloud already
present in the image is the accumulated e®ect of thousands of rotor revolutions
prior to this instant. As this vortex moved back towards the rotor, it was seen to
accelerate tip vortices below it, which were seen moving rapidly to the right along
the ground in the images. The accumulating vortex can be seen in Figure 3.8
(b), and below it, just to its right, another vortex next to the ground is indicated.
As this vortex was `accelerated' towards the separation zone, the higher velocities
associated with it resulted in a large amount of powder to be ejected out into the
°ow to the right of the separation zone, as is shown in Figure 3.8 (c). While the
particles entrained by the vortex followed its trajectory towards the rotor, some of
the ejected material was seen to be pushed through the separation zone to its right,
as is indicated in Figure 3.8 (c). The heavier of these particles were eventually
seen to fall to the ground to the right of the separation zone, while the lighter
particles were seen to be transported by the freestream along the path indicated
in Figure 3.8 (c). This was seen to result in the eventual increase in size of the
dust cloud as can be seen in Figure 3.8 (d). As in the case of the vortex merger,
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zone was more noticeable at the lower normalised advance ratio case as compared
to the higher normalised advance ratio case, and can be the cause of the bigger
dust cloud noticed at the lower test speed.
3.3.1 Dust Distribution
Di®erences in the interactions of the tip vortices in the wake have been seen to
a®ect the distribution of particles within the dust cloud. In the °ow visualisation
images, distribution of the particles within the cloud is inferred from the variation
of illumination intensity across the wake region. Figure 3.9 shows instantaneous
images of the °ow-¯eld from the two normalised advance ratio cases tested. At the
higher normalised advance ratio, Figure 3.9 (a) shows the greatest concentration
of the dust near the ground around the °ow separation zone, which appear to
be the brightest region in the °ow-¯eld. At the lower normalised advance ratio,
Figure 3.9 (b) shows the dust to be more distributed throughout the extent of the
dust cloud, with the concentration of dust particles around the separation zone
less intense than at the higher advance ratio. The chosen images in Figure 3.9
are crude representations of the average trend observed in the °ow-¯eld at the
two normalised advance ratios. There were instances when the dust cloud was
seen to build up and reach heights far above the rotor ground distance. This was
eventually convected downstream by the wind tunnel °ow and usually resulted
in the rotor model to be engulfed by the dust cloud. These severe changes in
the spread of the dust cloud were more frequent at the lower normalised advance
ratio tested, and additionally showed the higher reaching particles to display no
preferred sense of rotation, unlike the dust particles closer to the ground, which
showed a rotational sense complimentary to the rotation of the tip vortices. While
processes like those previously described account for the uplifting of particles from
the ground, the presence of dust so high above the rotor cannot be explained from
the °ow visualisation. More quantitative research is required to be carried out
before the presence of these high reaching dust clouds and variations in size of the
clouds can be convincingly explained.
Comparisons of the °ow visualisation results with simulation studies of brownout
show good correlation in terms of dust distribution di®erences at varying nor-
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Phillips and Brown using the vorticity transport model (VTM) integrated with a
particle transport model [76]. Figure 3.10 presents average dust distribution plots
obtained from this simulation, for a tandem rotor helicopter performing a landing
manoeuvre at a ground distance of 0.88R. Simulation results from °ight conditions
resulting in °ow separation to occur in locations similar with those obtained in the
°ow visualisation experiments were considered in this ¯gure, as this was observed
from the °ow visualisation to have an e®ect on the distribution of particles within
the dust clouds. A comparison of Figure 3.9 and 3.10 show good correlation, with
results from the simulations indicating the dust concentration at the °ow separa-
tion region to be less intense at the lower normalised advance ratio case compared
to the results from the higher °ight speed. Similar results were seen from the °ow
visualisation images, although the extent of coverage of the dust cloud at the lower
normalised advance ratio appears to be marginally bigger than that seen in the
simulation data. With the simulation results presenting the mean °ow data from
the time-averaged °ow-¯eld and the °ow visualisation presenting instantaneous
°ow data, this may be a reason for the observed di®erence between the two sets
of results.
While the °ow visualisation experiments show features of the ground e®ect wake
and provide insights into the interactions of the tip vortices with the ground, the
lack of quantitative information of the wake hinders understanding of the dust
cloud formation. Observations concerning the sporadic expansion of the dust
clouds, the expulsion of particles through the separation zone and the °uctuations
of the separation zone cannot be quanti¯ed through these visualisations alone.
Quantitative information of the °ow-¯eld is required if explanations for these wake
features are to be obtained.
3.4 Summary
Flow visualisation experiments were conducted to qualitatively investigate the
brownout phenomenon experienced by helicopters when operating close to surfaces
covered with debris or erodible material. These experiments also provided insights
into the ground e®ect wake, which is the primary factor behind this brownout phe-
nomenon. From the °ow visualisation movie sequences, it was identi¯ed that theChapter 3. Brownout Dust Cloud Visualisations 80
(a) ¹¤ = 0:65 at 1.0R (b) ¹¤ = 0:37 at 1.0R
Figure 3.9: Instantaneous images comparing particle distributions within the
dust cloud. In both frames, the rotor was operated at a ground distance of
1.0R. In frame (a), ¹¤ = 0:65 and in frame (b), ¹¤ = 0:37.
(a) ¹¤ = 0:29 at 0.88R (b) ¹¤ = 0:12 at 0.88R
Figure 3.10: Mean dust distributions around a tandem rotor helicopter per-
forming a landing manoeuvre at a ground distance of 0.88R. Images obtained
from VTM simulations of brownout. In frame (a), ¹¤ = 0:29 and in frame (b),
¹¤ = 0:12 [76]. (Images courtesy of C. Philips, University of Glasgow.)
ground e®ect wake primarily consisted of the rotor tip vortex system, seen to ex-
pand along the ground upstream of the rotor. A °ow separation zone is formed in
the °ow-¯eld as a result of the rotor wake and freestream interactions and causes
the trailing vortices to leave the ground and to be directed back towards the rotor
by the freestream. While some of these vortices appeared to be re-ingested through
the rotor, tests at both normalised advance ratios showed most of the vortices to
accumulate in the °ow region between the rotor and the separation zone. With the
tested normalised advance ratios corresponding to the recirculation °ow regime,
results from these experiments were in contrast with observations from previous
°ow visualisation studies conducted by Curtiss et. al [24] and Ganesh at. al [31],
which suggest the re-ingestion of tip vortices during the recirculation regime to be
a well-de¯ned process.Chapter 3. Brownout Dust Cloud Visualisations 81
Visualisations of the brownout °ow-¯eld also revealed particle transport mecha-
nisms at work in the wake. Dust particles at the ground were seen to be trans-
ported by traction, saltation and suspension; processes associated with particle
transport by wind identi¯ed in sedimentology studies. Depending on the sizes
of the particles, some were seen to be entrained by the vortices and follow their
trajectories, while some were seen to be uplifted from the ground before they re-
turned back to the ground some distance away. Some of the heavier particles were
seen to roll along the ground in the direction of the tip vortex trail along the
ground. Observations of the particle transport mechanisms at work in the ground
e®ect °ow-¯eld proved the need for complex transport models to be incorporated
in simulation models of brownout to accurately predict dust cloud formations.
Comparisons of the °ow visualisations performed at two di®erent normalised ad-
vance ratios also showed important di®erences in the °ow-¯eld, which may in°u-
ence the formation of the dust cloud. The lower normalised advance ratio case
showed signi¯cant vortex mergers occurring near the ground plane, a feature less
prominent at the higher normalised advance ratio test. Vortices leaving the ground
plane were also seen to accumulate ahead of the rotor more frequently at the lower
normalised advance ratio, while the re-ingestion process was seen to be more com-
mon at the higher normalised advance ratio. This accumulation process was seen
to induce further dust pick up from the ground, as the vortices along the ground
were seen to be accelerated by the accumulating vortices, causing large quantities
of dust to be uplifted from the ground as these accelerated vortices leave the sep-
aration zone. While these explain the larger size of the dust cloud at the lower
normalised advance ratio, they fail to explain the instances when the dust clouds
reach regions of the °ow-¯eld further than the rotor height above the ground.
Such sporadic expansion of the dust clouds were clearly visible at both normalised
advance ratios, and highlight the unsteady nature of the wake. Further quan-
titative insights into the ground e®ect wake of rotors are required before these
unsteady features, and the dust cloud evolution during the brownout phenomenon
can be better understood. Based on this, quantitative velocity measurements of
the ground e®ect wake were conducted using Particle Image Velocimetry. Wide
areas of the °ow-¯eld close to the rotor were investigated to provide further in-
sights into the formation of the brownout dust clouds. Results from these tests
are described in the following chapter.Chapter 4
Preliminary Ground E®ect
Investigations
4.1 Introduction
As a continuation of the preliminary investigations of rotors in ground e®ect, PIV
was used to investigate the salient °ow structures present in the ground e®ect
wake. Results from these experiments were used as guidelines for the set-up of the
larger scale ground e®ect experiments that were to be conducted. Flow charac-
teristics identi¯ed from the PIV could also be used to explain features of the dust
cloud evolution observed from the brownout °ow visualisation experiments.
PIV results from experiments conducted using the rotor model that was used in
the °ow visualisations experiments are presented in this chapter. Additionally, the
e®ect of blade root cut-out ratio on the °uid dynamics of the ground e®ect wake
was analysed by using the same rotor model with a di®erent root cut-out ratio.
Details of the PIV experiments conducted were discussed in Section 2.4 and some
of the important rotor and experimental parameters are listed in Table 4.1.
Results presented in the following sections mainly cover a 2:0R£2:0R ¯eld-of-view
of the rotor ground e®ect wake, as was represented schematically in Figures 2.2 (c)
- (d). Wide areas of the ground e®ect °ow-¯eld, particularly regions immediately
upstream and under the rotor disk were measured to track the evolution of the
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Experimental Parameters Values
Rotor Model Rotor A (including root cut-out)
Radius (R) 0:075m
¹¤ tested 0.3 - 1.3 (max)
Ground distances tested 0.5R, 1.0R, 1.5R & 2.0R
Rotor CT (OGE) 0.015
Rotational Speed 5640RPM (94Hz)
Table 4.1: Rotor parameters for the preliminary PIV investigations using
model Rotor A.
ground e®ect wake. Double frame, double pulse PIV was conducted and 300 image
pairs recorded for each test case, with the inter-pulse time delay, ¢t, between the
successive images set at ¢t = 90¹s. This inter-pulse time delay was appropriate for
experiments that were conducted between a freestream velocity range of 1:2ms¡1 <
V1 < 4:75ms¡1.
4.2 PIV Data presentation and validity
PIV is a non-intrusive technique used for measuring velocity over a wide area of
the °ow-¯eld in a near instant. It is particularly advantageous for the investigation
of unsteady °ows since the vorticity is readily obtained from a single snap-shot
of the velocity ¯eld. Statistics of the unsteady °ow can also be calculated if a
su±ciently large number of velocity ¯elds are captured. Turbulent investigations
of the wake produced by a small hovering rotor, conducted by Ramasamy et. al
using PIV, showed that a sample of 100-200 velocity ¯elds were required to cap-
ture the ¯rst-order velocity °uctuations within the wake [77]. In these preliminary
investigations, the selected PIV ¯eld-of-view, choice of time delay, seeding density
and the thickness of the light sheet were seen to combine to produce a high reso-
lution velocity map of excellent ¯delity. The chosen PIV sample size additionally
allowed for velocity °uctuation information to be derived from the velocity maps.
For this preliminary analysis, PIV was used to obtain the (u;v) velocity ¯eld in
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of velocity, vorticity or °ow pathline plots, and are scaled with respect to the rotor
radius, R, with r
R representing the normalised spanwise location in the °ow-¯eld
and
y
R, the normalised distance above the rotor disk. In these plots, the rotor hub
is at the origin of the co-ordinate system used, ( r
R;
y
R) = (0;0), and the leading
edge blade tip at the ordinate ( r
R;
y
R) = (1;0). If present within the ¯eld-of-view,
the rotor disk is represented by a black line in the velocity and vorticity plots (or
by a red line in the °ow pathline plots). The ground plane is represented in these
plots by a black line along
y
R = ¡1. The u and v velocity components presented
in these plot represent the longitudinal and vertical velocity components along
the (r;y) directions. Velocity, where presented, has been scaled with Vh, where
Vh = Vtip
q
CT
2 = 3:84ms¡1, is the hover induced velocity (Vtip = ­R = 44:3ms¡1
is the rotor tip speed) and vorticity has been scaled with
Vh
R .
4.2.1 Data Validity
PIV data can be subjected to a variety of errors a®ecting the accuracies of the
results. Systematic bias errors are most common in PIV data and can be revealed
using velocity histograms [78]. The most common error a®ecting digital PIV is
peak-locking, a situation where the computed velocity ¯elds have results biased
toward discrete values, resulting in the velocity vector maps to have block-like
appearances. The velocity histograms for a peak-locked velocity ¯eld will appear
distorted and contain peaks. This situation occurs primarily due to the small size
of the seeding particles producing a sub-pixel particle image on the camera chip
[78]. In these preliminary experiments, the only velocity clustering tended to occur
around the imposed wind tunnel speed and around zero velocity (corresponding to
masked out-of-bounds areas and low magnitude u and v velocity components). The
absence of peak-locking around other values of velocity indicates a well-conditioned
experiment and analysis for PIV, notwithstanding loss of detail associated with
the low spatial resolution of the PIV in the vortex cores.
4.2.2 Experimental Validity
Limitations imposed by the size of the wind tunnel facility and the huge spatial ex-
tent of the ground e®ect wake meant constraints on rotor size. Smaller rotors had
to be used to allow the ground e®ect wake to develop to its full extent without anyChapter 4. Preliminary Ground E®ect Investigations 85
interference from the wind tunnel walls. This implies low chord based Reynolds
number, Rec < 1;000;000 for the experiments. The main issue however, regarding
the °uid dynamics of the wake is the circulation Reynolds number, Re¡ =
¡TV
º ,
where ¡TV is the tip vortex circulation, and º, the kinematic viscosity of air. Lit-
erature states that if this Re¡ is above a moderate value of at least 10,000, the
vortex wake dynamics will be inertia dominated [79] and can be considered to be
representative of those of much larger rotor systems.
For the preliminary experiments conducted using Rotor A, the representative chord
based Reynolds number was 26,000. With the rotor in hover, the out of ground
e®ect thrust coe±cient was measured to be CT = 0:015. A range of advance
ratios was investigated by varying the wind tunnel speed accordingly, with the
rotor rotational speed maintained at 5640RPM (94Hz). The thrust coe±cient
was observed to remain constant over the range of advance ratios tested. In hover,
the PIV data indicated a tip vortex circulation Reynolds number of Re¡ = 15;000
close to the rotor disk plane.
4.3 PIV Analysis of the ground e®ect °ow-¯eld
PIV analysis of a °ow produces velocity vector maps for the °ow region under
investigation. When averaged, these are helpful in identifying gross structures
present in the °ow-¯eld. Figure 4.1 shows the average velocity plot of the ground
e®ect wake, derived from 300 instantaneous samples of the °ow-¯eld, with the
rotor at a distance of half a diameter from the ground plane ( h
R = 1:0) and op-
erated at a normalised advance ratio of ¹¤ = 0:65. The direction of the °ow is
indicated by the vector directions while the velocity magnitudes are represented
by the contours in the plot. From the ¯gure, it can be seen that the °ow along the
ground plane comprised of high magnitude velocity, which is seen to reduce to zero
at a particular point along the ground. With reference to the °ow visualisation
images of the ground e®ect °ow-¯eld, this point is identi¯ed as the °ow separa-
tion point. In the case of the PIV, the °ow separation location is topological [80]
and identi¯ed through analysis of the u-velocity component close to the ground
plane. The location along the ground where the u-velocity component changes
sign is identi¯ed as the point where the freestream °ow encounters the rotor wakeChapter 4. Preliminary Ground E®ect Investigations 86
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Figure 4.1: Mean velocity vector map, showing the velocity magnitude, °ow
separation location and recirculation region in the ground e®ect °ow-¯eld. The
rotor was at a ground distance of 1.0R and operated at a normalised advance
ratio of ¹¤ = 0:65.
expanding along the ground upstream from the rotor. Interactions between the
opposing °ows result in the formation of a separation point, where the u-velocity
component will be zero. A linear interpolation scheme is utilised to identify from
the PIV velocity plot the location along the ground plane where the u-velocity
component is zero. Figure 4.1 also shows the °ow leaving the ground at the topo-
logical °ow separation point location, being re-directed back towards the rotor and
forming a recirculatory region just ahead of the rotor disk. Velocity information of
the °ow-¯eld obtained from the PIV was used to identify the vorticity associated
with this recirculatory °ow region and its extent of in°uence in the ground e®ect
°ow-¯eld.
Flow pathlines and vorticity (! = @v
@r ¡ @u
@y) constructed from the mean velocity
for ¹¤ = 0:3, ¹¤ = 0:65 and ¹¤ = 0:9 with the rotor at a ground distance of half a
diameter ( h
R = 1:0) are presented in Figure 4.2. Mean °ow pathlines are derived
by placing seed points at selected locations in the velocity ¯eld, and the pathlines
are formed by tracing a particle released from each seed point. These °ow pat-
terns are only cartoons; in reality, the °ow is three-dimensional and unsteady, soChapter 4. Preliminary Ground E®ect Investigations 87
no pathline pattern like those presented would ever be observed, but they are a
useful aid in interpreting the results.
Figure 4.2 presents data from di®erent camera ¯elds-of-view (as discussed in Sec-
tion 2.4), depending upon the locations of the salient °ow structures of the wake at
the di®erent normalised advance ratio settings. For the lowest setting of ¹¤ = 0:3,
the mean °ow pathlines in Figure 4.2 (a) show a recirculation zone centered at
around 3R, approximately one diameter ahead from the leading edge of the rotor
disk. The mean topological °ow separation point is to the far right, o® the view
of the image. Vorticity, corresponding to the °ow-¯eld at ¹¤ = 0:3 is presented in
Figure 4.2 (b), and shows a region of low positive vorticity extending to around 4R
upstream of the rotor hub and to a height of around
y
R = 0:6 above the rotor disk.
Most of this vorticity is contained within the recirculation zone seen in Figure
4.2 (a), although signi¯cant vorticity levels are seen higher than this recirculation
zone. A thin ribbon of high vorticity is seen at the left side of the image and this
corresponds to the trailing rotor wake expanding along the ground. It is the sepa-
ration of this expanding wake at the separation point that results in the formation
of the recirculatory region and vorticity ahead of the rotor disk.
As the normalised advance ratio was increased, °ow separation was seen to occur
closer to the rotor disk. The vorticity region resulting from this separation was
seen to be more compact and con¯ned within a smaller area, carrying greater vor-
ticity magnitudes. Figure 4.2 (c) shows the °ow-¯eld at ¹¤ = 0:65, and the mean
separation is seen at the right edge of the mean °ow pathline plot. The corre-
sponding mean vorticity, shown in Figure 4.2 (d), is stronger and con¯ned within
a smaller zone than the lower normalised advance ratio case, reaching heights of
around
y
R = 0:2 above the disk. Further increments in normalised advance ratio
showed the resulting recirculation region to be tucked under the rotor disk and
the topological °ow separation to occur very close to the rotor disk. At ¹¤ = 0:9,
shown in Figure 4.2 (e), this is seen at r
R = 1:1, with the resulting recirculation
zone con¯ned under the rotor disk, and the vorticity seen from Figure 4.2 (f) to
just reach to about
y
R = ¡0:3. The high magnitude positive vorticity to the left of
the recirculation zone, extending from the rotor disk plane, is the rotor tip vortex
system. The negative vorticity trail seen at the left edge of the image is the root
vortex system trailing from the rotor. The evolution of the ground e®ect wakeChapter 4. Preliminary Ground E®ect Investigations 88
is evident from these plots, which show the main feature of the wake, the region
of recirculation, to evolve from a wide-spread area of relatively low vorticity at
low advance ratios, to a small concentrated vortex of high magnitudes at higher
advance ratios.
Mean vorticity data obtained from the PIV tests show the presence of a region of
recirculation and vorticity at every normalised advance ratio examined. It is evi-
dent from both the PIV and the °ow visualisations that the tip vortex track along
the ground feeds this region of recirculation and its resulting path is key in the
size, location and formation of this feature. Information on the tip vortex trajec-
tories can be obtained from the PIV through the instantaneous snap-shots of the
°ow-¯eld. As an example, Figure 4.3 presents instantaneous vorticity data from
the ground e®ect °ow-¯eld obtained at a normalised advance ratio of ¹¤ = 0:65,
and shows the typical paths taken by the tip vortices, the clusters of high magni-
tude positive vorticity in the °ow-¯eld. Corresponding velocity data from the PIV
showed the tip vortices leaving the ground around the topological °ow separation
point and initially heading back towards the rotor. As these vortices were seen
to move back towards the rotor, they were seen to either accumulate and merge
ahead of the rotor disk, as in Figure 4.3 (a) or were seen to be directed back to-
wards the rotor disk, as in Figure 4.3 (b).
Curtiss et.al described the ground e®ect wake in the recirulation regime to show
recirculation of the trailing rotor wake through the rotor disk [24, 27]. Based on
this, Ganesh et. al identi¯ed re-ingestion of a loop of tip vortices through the rotor
disk (see Figure 1.7) as indicative of the recirculation regime [30, 31]. Extensive
testing at a ground distance of h
R = 1:0 during this preliminary ground e®ect in-
vestigation showed °ow features similar to that used to de¯ne the recirculation
regime to exist at normalised advance ratios between 0:3 < ¹¤ < 0:9. In this
advance ratio range, some instantaneous vorticity plots showed part of the trailing
rotor wake to be re-directed back towards the rotor disk leading edge, implying
re-ingestion, and an example of this is shown in Figure 4.3 (b). However, this
was not consistently observed in all the instantaneous plots, with some of the in-
stantanous vorticity plots showing vorticity to be accumulated close to the ground
plane, ahead of the rotor disk, in a manner similar to that shown in Figure 4.3
(a). Similar observations were made from the movie sequences obtained from theChapter 4. Preliminary Ground E®ect Investigations 89
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Figure 4.2: Mean °ow pathlines and mean non-dimensional vorticity from
PIV for the rotor at 1:0R above the ground for ¹¤ = 0:3 (frames (a) and (b)),
¹¤ = 0:65 (frames (c) and (d)) and ¹¤ = 0:9 (frames (e) and (f)). For (a) and
(b) the ¯eld-of-view is from 1R to 4.5R upstream of the rotor hub, while for
the higher normalised advance ratios, the ¯eld-of-view is smaller and includes
some of the °ow below the disk. The images in frames (a) and (b) are obtained
using a higher resolution camera to capture the spread of the wake at this low
¹¤. In frame (f), the vorticity scale has been changed to account for the higher
magnitude vorticity in the more concentrated ground vortex tucked under the
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brownout °ow visualisation. Although this normalised advance ratio range falls
within the recirculation °ow regime de¯ned by Curtiss et. al, the PIV data did
not show the consistent recirculation/re-ingestion of the wake used to de¯ne this
°ow regime [24, 27, 30, 31]. Instead, the PIV data implied that vorticity was oc-
cassionally re-ingested through the rotor disk, thus suggesting a complex °ow-¯eld
in this advance ratio range.
The ground vortex regime, identi¯ed by Curtiss et. al [24, 27] to be characterised
by the presence of a concentrated vortex under the rotor disk, was seen from these
preliminary PIV investigations to exist between 0:9 < ¹¤ < 1:2 for this rotor
ground distance. Instantaneous vorticity plots in this ground e®ect regime showed
a tight vortex just under the rotor disk leading edge, showing little movement in
its location. An example of this is shown in Figure 4.4, where a compact vortex,
with vorticity strength comparable to the strength of the tip vortex system leaving
the rotor disk, is seen to be the dominant feature of the °ow-¯eld. In this plot,
the traces of positive vorticity seen around and above the rotor disk leading edge
are processing artefacts, resulting from surface glare o® the rotor rig components.
As the normalised advance ratio was increased, this ground vortex was seen to be-
come weaker, smaller and form more inboard of the disk leading edge. The ground
vortex was eventually seen to disappear from the °ow-¯eld at around ¹¤ = 1:2.
Comparisons of the °ow features in the ground vortex regime, identi¯ed through
the PIV, were consistent with observations made by Curtiss et. al [24, 27] and
Ganesh et. al [30, 31], unlike the case of the recirculation regime.
The instantaneous vorticity plots also revealed the presence of clumps of negative
vorticity in the °ow, not visibile in the mean vorticity data due to the averaging
process. These negative vorticity concentrations were seen to be more prominent
and stronger in magnitudes at the higher normalised advance ratios, ¹¤ > 0:65.
An example of this is shown in Figure 4.3 (a), where clumps of negative vorticity
are seen close to the ground and higher up. The source of this negative vorticity is
attributed to secondary separation induced by the rotor tip vortex system trailing
along the ground plane. Evidence for this secondary separation was provided by
the brownout °ow visualisation movies, where talcum powder particles, especially
along the ground plane, were seen to swirl in a rotational sense opposite to that of
the tip vortices (see Figure 3.5). The PIV data presented by Ganesh et. al [32, 36]Chapter 4. Preliminary Ground E®ect Investigations 91
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Figure 4.3: Instantaneous vorticity plots from PIV for the rotor at 1:0R above
the ground for a normalised advance ratio of ¹¤ = 0:65. Frame (a) shows the
accumulation of the tip vortices ahead of the rotor while frame (b) shows the
re-direction of the tip vortices towards the rotor disk leading edge.
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Figure 4.4: Instantaneous vorticity plot showing a ground vortex formed just
under the leading edge of the rotor disk plane. The rotor was at a ground
distance of 1:0R and operating at a normalised advance ratio of ¹¤ = 0:9.
do not show any trace of this negative vorticity, although this may be due to the
resolution of their PIV data. Their PIV experiments made use of particles with
nominal diameters of 0.19mm, far larger than the particles used in this research.
This will have an e®ect on the accuracy and spatial resolution of the PIV, making
vortical features in the °ow-¯eld di±cult to visualise.Chapter 4. Preliminary Ground E®ect Investigations 92
(a) Mean vorticity at h=R = 1:0 (b) Mean vorticity at h=R = 0:5
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Figure 4.5: Mean vorticity plots from PIV for the rotor at 1:0R and 0:5R
above the ground for ¹¤ = 0:7. For frame (a), the ¯eld-of-view is under the
rotor disk while the ¯eld-of-view is just ahead of the rotor disk for frame (b).
4.3.1 Investigation of rotor ground distance variations
Variations in the rotor ground distance was seen to displace the location of the re-
gion of positive vorticity for the range of forward °ight speeds tested. A reduction
in the rotor ground distance was seen to extend the wake further upstream, and
cause the mean recirculation (vorticity) region to extend to greater heights above
the rotor disk plane. Figure 4.5 compares the location of the region of vorticity for
the same normalised advance ratio of ¹¤ = 0:7, at rotor ground distances of half
a diameter (1.0R) and a quarter of a diameter (0.5R). Figure 4.5 (a) shows the
vorticity centroid located at r
R ¼ 1:6, whereas this is located at r
R ¼ 2 in Figure
4.5 (b). These shifts in the location of the recirculation zone were comparable
to the observations made from the °ow visualisation experiments conducted at
similar ground distances. The vorticity strengths of these regions were observed
to be comparable despite the di®erences in their locations.
Shifts in the mean °ow separation location and recirculation zone at di®erent
rotor ground distances imply a change in the normalised advance ratios at which
the di®erent identi¯ed ground e®ect °ow regimes occur. A reduction in ground
distance, seen to move the separation zone further upstream, implies that both
the recirculation and ground vortex regimes occur at higher advance ratios. At
higher ground distances, the e®ect is opposite. These observations coincide well
with observations established by Curtiss et. al [24, 27].Chapter 4. Preliminary Ground E®ect Investigations 93
4.3.2 Investigation of blade root cut-out ratios
In°uence of the rotor blade root cut-out ratio on the dynamics of the ground ef-
fect wake was also investigated in these preliminary PIV investigations. It is well
known that during hover in ground e®ect, the presence of a root cut-out creates a
gap in the middle of the disk, through which some of the rotorwash is allowed to
escape. This \fountain-e®ect" allows parts of the rotor disk nearer the hub to be
in°uenced by an up°ow, thus reducing the overall thrust required by the rotor [81].
In forward °ight, this e®ect is eliminated by the skewing of the wake, although
the overall in°uence of ground e®ect has not been quantitatively investigated.
Rotor A was modi¯ed to incorporate a blade root cut-out ratio. Both the leading
edge and trailing edge portions of the inner 40% of the rotor span were cut away so
that little or no useful lift would be generated over the inboard section of the rotor
disk. Root cut-outs have a direct in°uence over the e®ective spanwise distribution
of lift [82] and hence the thrust coe±cient, CT. To facilitate comparisons at simi-
lar normalised advance ratios with the unmodi¯ed rotor, the physical thrust was
maintained at the same value by changing the rotational speed of the rotor. For
these experiments, the rotor was operated at 6180RPM (103Hz), with a thrust
coe±cient of CT = 0:013.
Figure 4.6 presents the mean vorticity plots at a normalised advance ratio of
¹¤ = 0:7 for the rotor 1:0R o® the ground, with Figure 4.6 (a) showing the °ow-¯eld
from the basic con¯guration and Figure 4.6 (b) showing the °ow-¯eld from the root
cut-out con¯guration. It was important here that the °ow beneath the rotor was
seen, so the laser sheet was positioned so that the in-board °ow up to about 0:2R
of the blade could be seen. The root cut-out ratio was observed to move the region
of vorticity upstream and away from the rotor, and the resulting mean vorticity
within the region was seen to be slightly reduced compared to the wake from the
unmodi¯ed rotor. The lower vorticity levels were also observed to penetrate higher
into the °ow-¯eld; this is a consequence of the mean °ow separation occurring
further from the rotor disk. In the case with the root cut-out, it was also observed
that the magnitude of the tip vorticity was higher. Additionally, the root vorticity,
the inboard region of negative vorticity immediately under the rotor disk, appeared
to be more prominent. This is a consequence of the root cut-out on the rotor disk,Chapter 4. Preliminary Ground E®ect Investigations 94
(a) no root cut-out (b) 40% root cut-out
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Figure 4.6: E®ect of root cut-out on mean vorticity. In both cases the rotor
ground distance was 1:0R, and operating at a normalised advance ratio of ¹¤ =
0:7.
and may be due to the formation of a counter-rotating root vortex system inboard
of the rotor disk. Similar observations were made at the other normalised advance
ratios tested. The higher tip vorticity is expected, as the root cut-out reduces
the rotor solidity, and for the same physical thrust the induced velocity at the
disk must be higher. This in turn leads to a more upstream projection of the
recirculation zone in the case of the root cut-out, due to the higher rotor induced
velocity along the ground. This would explain the lower maximum vorticity within
the recirculation zone, and the overall e®ect is similar to a slight reduction in
normalised advance ratio.
4.4 Brownout Flow Visualisation and PIV Re-
sults Comparisons
Quantitative and qualitative measurements of the °ow around a rotor in ground
e®ect forward °ight, were conducted as part of preliminary investigations of the
ground e®ect °ow-¯eld. A simple, small scale rotor model was used for these tests
with the rotor untrimmed in all the experiments, but this should not a®ect the
basic phenomena under investigation. Trim could be achieved in real helicopters
through the centre of gravity (c.g.) position or through the usage of cyclic pitch
controls. In these experiments, the c.g. location and the trim state of the isolated
rotor model is of little signi¯cance although this will become meaningful whenChapter 4. Preliminary Ground E®ect Investigations 95
comparisons with other similar research on isolated rotors are conducted. Also
in these experiments, the ground was stationary relative to the rotor hub. As it
was established early through the °ow visualisation and the PIV that the ground
e®ect wake is a result of the rotor tip vortices tracking along the ground, the
relative velocity e®ects at the ground plane plays a signi¯cant part in the wake
development. These preliminary PIV experiments conducted are hence not a true
kinematic representation of a rotor moving over a stationary ground, although
they provide a useful platform for qualitative (and limited quantitative) analysis
of the ground e®ect °ow.
The brownout °ow visualisation experiments have proven to be a highly e®ective
way of visualising the dust cloud generated by the rotor near the ground. Dust
pick-up processes and the ground e®ect °ow features a®ecting these processes
could be clearly seen from the °ow visualisation movie sequences. PIV was used
to measure the velocity in selected areas around the rotor, and the magni¯cation
used allowed the image processing algorithms to produce high ¯delity velocity
maps that were almost completely free of erroneous measurements [78]. Quanti-
tative data from the PIV showed the ground e®ect °ow-¯eld to be characterised
by a trail of tip vortices along the ground forming a mean °ow separation zone
and a region of mean recirculation containing positive vorticity ahead of the ro-
tor. Varying normalised advance ratios were seen to a®ect the trailing tip vortex
trajectories, and this was seen to in°uence the classi¯cation of the wake into the
di®erent ground e®ect °ow regimes.
Based on the instantaneous °ow-¯eld data obtained from the preliminary PIV
tests, the ground e®ect wake could be classi¯ed into the ground vortex °ow regime
de¯ned by Curtiss et. al [24, 27]. At a particular advance ratio in°uenced by the
rotor ground distance, °ow separation was seen to occur very close to the rotor
disk and the resulting region of vorticity was observed to form under the rotor.
At these normalised advance ratios, the °ow-¯eld essentially consisted of a ground
vortex, tightly packed and high in vortex strength; this was similar to the obser-
vations made by Curtiss et. al [24, 27] about the °ow-¯eld in the ground vortex
regime. Extensive PIV testing using Rotor A at a ground distance of 1.0R, showed
the ground vortex regime to exist between 0.9 < ¹¤ < 1.2, with the ground vortex
disappearing from the ¯eld-of-view for the current PIV set-up at ¹¤ > 1:2. AtChapter 4. Preliminary Ground E®ect Investigations 96
lower normalised advance ratios between 0.3 < ¹¤ < 0.9, no ground vortex was
observed in the °ow-¯eld, although a wide region of vorticity was seen to exist
ahead of the rotor disk leading edge.
Analyses of the instantaneous °ow data at these normalised advance ratios (0.3
< ¹¤ < 0.9) showed the °ow-¯eld to be largely varying, with the vorticity associ-
ated with the trailed tip vortices located in continuously di®erent regions of the
imaged °ow-¯eld. PIV data from each normalised advance ratio within this range
showed a mixture of images showing accumulation of vorticity near the ground
ahead of the rotor leading edge, and a wider spread of vorticity throughout the
imaged ¯eld-of-view, particularly close to and above the rotor disk, implying a re-
ingestion of this vorticity. This was in contrast with observations made by Curtiss
et. al [24, 27], who classi¯ed the ground e®ect wake at these normalised advance
ratios to be the recirculation regime as it showed a well-de¯ned recirculation of
the trailing rotor wake through the rotor disk. The continuously evolving °ow-
¯eld recorded by the PIV at these normalised advance ratios (0.3 < ¹¤ < 0.9),
showing only occasional re-ingestion of the vorticity, meant that the °ow was more
complicated than suggested, and could not be classi¯ed into the recirculation °ow
regime de¯ned by Curtiss et. al [24, 27].
The distinct di®erence between observations made by Curtiss et. al [24, 27] and
observations from the PIV, at normalised advance ratios between 0.3 < ¹¤ < 0.9,
may be due to the di®erences in the experimental conditions between the two sets
of tests. A towing facility, with an isolated rotor model moved over the ground
was used by Curtiss et. al [24, 27], while these preliminary PIV experiments
were conducted in a wind tunnel with a ¯xed stationary ground. This essentially
makes the ground boundary conditions di®erent between the two cases and may
be the likely reason for the absence of consistent recirculation [24, 27] and the
recirculation loop [30, 31] from the PIV data at these normalised advance ratios.
In addition to this, the wind tunnel ground boundary layer will have an added
e®ect on the ground e®ect wake in these PIV tests. Assuming that the ground
board was a °at plate, the average wind tunnel boundary layer thickness at the
rotor location on the ground board was calculated to be around 1cm for these
preliminary tests; when scaled with respect to the rotor radius, this amounts to
0:15R. With both the PIV and the °ow visualisations suggesting secondary °owChapter 4. Preliminary Ground E®ect Investigations 97
separation caused by the passage of the tip vortices along the ground plane, the
presence of this ground boundary layer ahead of the rotor must have an e®ect on
this process. Further investigations of the e®ect of the ground boundary conditions
on the formation of the ground e®ect wake, are however required before an expla-
nation can be provided for these observed di®erences in the ground e®ect °ow-¯eld.
Based on the current ¯xed ground plane test conditions, a comparison of the PIV
results and brownout visualisations showed the dust cloud to extend at least as far
forward as the mean vorticity region ahead of the rotor, identi¯ed from the PIV.
This can be observed when comparing Figures 4.2 with Figures 3.1 and 3.2 from
Chapter 3. In Figure 4.2 (d) the positive vorticity region is seen to extend as far
forward as about r
R = 2:6, while in Figure 3.1 for the same normalised advance
ratio of ¹¤ = 0:65, the dust cloud was seen to extend by just under 2R forward of
the tip of the disk, equivalent to just under 3R from the hub. The corresponding
values for the normalised advance ratio case of ¹¤ = 0:3 are 4.5R for the PIV
vorticity (as shown in Figure 4.2(b)) and 3.8R for the brownout case (as shown
in Figure 3.2), although the brownout test was conducted at a higher normalised
advance ratio value of ¹¤ = 0:37 where the dust cloud would have been smaller.
Inspection of the brownout movie sequences showed that while dust particles sus-
pended in the °ow close to the ground showed rotation corresponding to positive
vorticity, those forming parts of the dust cloud high up above the ground showed
no preferred sense of rotation. PIV results showed only weak positive or negative
vorticity extending far above the level of the rotor disk, but where the dust cloud
was seen to extend the highest, the vorticity (or at least the lateral component
resolvable in these experiments) was of low magnitude and no preferred sign.
Observations from the brownout visualisations showed the dust pick-up processes
to be similar to the suspension, saltation and traction processes seen in wind-
blown processes and sedimentology [54]. In general, these processes are related
to a surface shear and a threshold velocity that initiates particle movement along
the ground. The °ow visualisation movie sequences showed the tip vortices to
track rapidly along the ground plane and velocities relating to these cases were
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Figure 4.7 shows an instantaneous snap-shot of the normalised velocity ¯eld cor-
responding to the ¹¤ = 0:65 case, also tested in the °ow visualisation experiment.
High velocity magnitudes are seen just above the ground and these occur along the
track of the ground trailing tip vortices, identi¯ed from the PIV vorticity plots.
With the °ow visualisation movie sequences showing the ground dust particles
becoming airbourne just ahead of the tip vortices as they trail along the ground
plane, the high magnitude velocity zones observed in this velocity plot would ap-
pear to be broadly coincident with the locations where the dust is picked up o®
the ground plane. Presence of high velocity imply high shear in these zones, and
the direction of the high velocity being away from the ground provides further
evidence of particle uplift and transport towards the °ow separation point.
Dust uplift near the ground thus occurs due to the high velocity bearing rotor-
wash expanding along the ground plane. As the tip vortices from the rotor blade
trailing edge are transported along with this downwash along the ground plane,
vorticity associated with the tip vortices are also tagged along with the °ow and
the dust uplifted at the ground. Vortex lines move with the °uid, resulting in
the location of the high velocities, vorticity and dust to coincide. The dust parti-
cles, once uplifted from the ground, will follow their own trajectories, depending
upon their relative sizes and densities. Smaller particles will tend to follow the
°ow closely, resulting in the recirculation zone to be heavily contaminated by the
dust. This forms a cloud ahead of the rotor disk, which results in the so-called
brownout phenomenon. Larger particles uplifted from the ground by the trailing
tip vortices will be ejected from regions of high spatial and temporal accelerations
to contaminate the wider °ow-¯eld. Figure 4.8 shows a schematic diagram of the
sequence resulting in the formation of the dust cloud in the ground e®ect °ow-¯eld.
With the location of dust particles coinciding with regions of high magnitude ve-
locity zones and the °ow visualisation images showing occasional bursts of dust
particles present in regions of the °ow-¯eld higher than the rotor disk above the
ground, a more sensitive indicator from the PIV data of the likely presence of
ground dust in the °ow would be the velocity °uctuations observed in the °ow-
¯eld. Velocity °uctuation statistics from the PIV data are conveniently represented
by the root-mean-square (RMS) velocity °uctuations about the mean and these
also provide a good indication of the relative unsteadiness of the °ow. Figure 4.9Chapter 4. Preliminary Ground E®ect Investigations 99
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Figure 4.7: An instantaneous velocity plot from the ground e®ect °ow-¯eld,
where the rotor ground distance was 1.0R and operating with a normalised ad-
vance ratio of ¹¤ = 0:65. The contours show the normalised velocity distribution
in the °ow-¯eld.
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Figure 4.8: Schematic diagram of the dust cloud formation during the
brownout phenomenon. Vortex and dust particle trajectories are indicated by
the dashed and solid lines respectively, and selected areas of dust particle laden
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shows the RMS velocity °uctuations of the ground e®ect wake at di®erent nor-
malised advance ratios for cases where the rotor ground distance was 1.0R. Frame
(a) of Figure 4.9 features a much larger region of the wake compared to the other
frames to allow for the RMS °uctuations associated with the majority of the mean
recirculation region to be captured in the plot. Velocity °uctuations are observed
to be smaller for the lower normalised advance ratio cases shown in Figures 4.9 (a)
and (b), compared to those observed at the higher normalised advance ratio cases,
seen in frames (c) and (d). The °uctuations, although lower in magnitude for the
lower advance ratio cases, are seen to a®ect a greater proportion of the °ow-¯eld.
In the ground vortex regime, represented by frames (c) and (d), the °uctuations
are con¯ned within the location of the ground vortex itself and hence are observed
to a®ect smaller regions of the °ow-¯eld. These results imply greater unsteadiness
in the wake at the lower normalised advance ratios as wider areas of the °ow-¯eld
were observed to be a®ected by the velocity °uctuations. This is despite the lower
magnitudes of °uctuations observed at these normalised advance ratios.
At the lower normalised advance ratios of ¹¤ = 0:3 and ¹¤ = 0:65, the RMS
velocity plots show a distribution of the velocity °uctuations experienced within
the °ow-¯eld, with the higher magnitude °uctuations seen to occur closer to the
ground. In regions above the height of the rotor disk, the °uctuations show low
magnitudes. Brownout °ow visualisation observations at ¹¤ = 0:37, show the °ow-
¯eld high above the rotor disk to contain dust on occasion, although this is not
re°ected in the RMS plots. Examining the PIV velocity history at speci¯c points
in the °ow, much like placing a hot-wire probe at a particular location, revealed
a behaviour in the °ow-¯eld, unnoticeable from these RMS plots. Figure 4.10
shows both the u and v velocity component °uctuations experienced at a point
( r
R;
y
R)=(2.0, 0.8) in the °ow-¯eld, with the rotor at a ground distance of 1.0R and
operating at ¹¤ = 0:35. As can be seen in the plot, there were instances in the
°ow-¯eld where there was higher or lower velocities relative to the mean. Since the
PIV conducted was not time-resolved, the periodicity of the velocity °uctuations
could not be determined. Vorticity plots corresponding to a mean case and a high
velocity deviation case were considered, as shown in Figure 4.11. The di®erence
between the two frames is clear and at the stated location of ( r
R;
y
R)=(2.0, 0.8);
frame (a) shows the presence of moderate vorticity concentrations around that
region, while frame (b) shows no vorticity around that point. The presence ofChapter 4. Preliminary Ground E®ect Investigations 101
(a) ¹¤ = 0:3: rms velocity (b) ¹¤ = 0:65: rms velocity
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Figure 4.9: Root mean square velocity from PIV for the rotor at 1:0R above
the ground for ¹¤ = 0:3, ¹¤ = 0:65, ¹¤ = 0:9 and ¹¤ = 1:1.
occasional vorticity concentrations high up in the °ow-¯eld, brought about by the
velocity °uctuations can explain the occasional bursts in dust seen from the °ow
visualisations. When this occurs, the °uid, carrying both the vorticity from the
tip vortices and the dust particles gets transported high up in the °ow-¯eld thus
causing the tip vortices (and dust particles) to reach higher up into the °ow-¯eld
than observed in the average cases. Further investigations are however required
to determine the cause of these velocity °uctuations.
4.5 Summary
Preliminary investigations of the ground e®ect °ow-¯eld was conducted using a
small rotor model, with ¯xed pitch. Flow visualisations and PIV investigations
were performed to obtain qualitative and limited quantitative information of theChapter 4. Preliminary Ground E®ect Investigations 102
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Figure 4.10: Velocity °uctuations at a point in the °ow-¯eld for the case where
the rotor was 1.0R above the ground with the °ow at a normalised advance ratio
of ¹? = 0:35. The velocity °uctuations were measured at a point 2R from the
rotor hub and at a height of
y
R ¼ 0:8.
¹¤ = 0:35 (a) Image 70 at large °uctuation (b) Image 120 at mean velocity
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Figure 4.11: Individual PIV vorticity plots showing unsteadiness in the °ow-
¯eld at ¹? = 0:35. The rotor was at ground height of 1.0R and Frame (a) shows
a plot where the vorticity reaches the height of
y
R ¼ 0:8 while Frame (b) shows
no vorticity at that height.
ground e®ect °ow-¯eld. The experiments also served as a basis of investigation of
the brownout phenomenon, with the PIV data providing quantitative information
that could be used to explain certain features observed from the dust cloud °ow
visualisation experiments.
To summarise the PIV results, it was observed that the ground e®ect °ow-¯eld
was characterised by a trail of tip vortices along the ground forming a mean °ow
separation zone and a region of mean recirculation containing positive vorticityChapter 4. Preliminary Ground E®ect Investigations 103
ahead of the rotor. Both the location of the °ow separation and recirculation zone
were observed to be a function of the rotor ground distance and advance ratio.
Increments in normalised advance ratio was seen to cause °ow separation to occur
nearer the rotor and the resulting recirculation zone to become more compact in
size and contain higher vorticity magnitudes. A reduction in the rotor ground
distance was seen to shift the wake further upstream for comparable normalised
advance ratios, with the opposite e®ect observed at higher ground distances. Root
cut-out was seen to cause a shift in the mean recirculation region further upstream
from the rotor disk and was also seen to a®ect the mean vorticity magnitudes ob-
served in the °ow-¯eld.
A stable ground vortex, formed under the leading edge of the rotor disk, was ob-
served to dominate the ground e®ect °ow-¯eld at the high normalised advance
ratios, and this was used to characterise the ground vortex °ow regime. At lower
normalised advance ratios where the recirculation region was seen to form ahead of
the rotor disk leading edge, the instantaneous vorticity data from the PIV showed
a constantly °uctuating °ow-¯eld. In these cases, the °ow-¯eld were seen to ei-
ther consist of vorticity spread throughout the imaged ¯eld-of-view or accumulated
close to the ground plane. With only a proportion of the PIV images at each of the
lower advance ratios implying a re-ingestion of the tip vortices, the recirculation
°ow regime could not be characterised from these preliminary PIV investigations.
E®ect of the ground boundary con¯guration on wake development may be a cause
of this and requires further investigations.
Comparisons of the brownout dust visualisations and the PIV showed the mean
recirculation region and the dust cloud to be in comparable locations for simi-
lar normalised advance ratios. The PIV velocity maps showed the °ow near the
ground to contain high velocities, directed away from the ground plane as the
rotorwash was seen to trail along the ground. This implies high shear at these lo-
cations and explain the uplifting and transport of loose particles from the ground
surface. Since vorticity associated with the tip vortices are also carried in this
°ow, the locations of the vorticity, high velocity and the dust coincide. With the
smaller dust particles following the °ow closely, this explains the location of most
of the dust particles within the recirculation zone as was observed from the °ow
visualisation. The occasional instances where the dust cloud was seen to penetrateChapter 4. Preliminary Ground E®ect Investigations 104
high above the rotor disk can be explained by velocity °uctuations observed to
occur in the °ow-¯eld. The PIV tests provide evidence for the existence of these
velocity deviations, and corresponding vorticity information show instances where
the velocity °uctuations were seen to transport vorticity higher into the °ow-¯eld
than that observed from the averaged data. This suggests instantaneous velocity
°uctuations to be the cause of the intermittent variations in the dust cloud size
observed in the °ow visualisation movie sequences, although there is no way of
validating this unless quantitative measurements are carried out in parallel with
the °ow visualisations. More sophisticated experimental set-ups with better seed-
ing are however required if this is to be performed.
The preliminary investigations of the ground e®ect wake were conducted with a
rotor model that was not trimmed in any way. Although trim e®ects will not
a®ect the gross features of the °ow-¯eld, comparisons with other ground e®ect
experiments can be di±cult if the experiments were conducted with di®erent rotor
trim settings. More importantly, the preliminary investigations were conducted in
a wind tunnel with a stationary ground surface. This makes the ground boundary
conditions di®erent from a helicopter moving over a stationary ground, and has an
added e®ect of the ground boundary layer on the wake to be considered. While this
may not have an e®ect on the gross °ow features investigated in these experiments,
more sophisticated experiments with a moving ground are necessary to completely
investigate the ground e®ect of a rotor. For the purposes of this research, this
was conducted using a moving ground plane installed in the wind tunnel. An
isolated rotor model, capable of trim was used to allow for comparisons between
the experiments conducted with the varying ground boundary con¯gurations. PIV
experimental results from these experiments are presented in the following chapter.Chapter 5
Large Rotor Experimental
Results
5.1 Introduction
This chapter discusses data obtained from PIV tests conducted using the Large
Rotor in the Argyll wind tunnel. Both two-dimensional two-component (2D2C)
and Stereoscopic PIV tests were performed to obtain quantitative information
from wide regions of the ground e®ect °ow-¯eld. A range of rotor parameters
(i.e. rotor trim conditions, ground distance and collective angles) and ground
boundary conditions were tested to investigate the e®ects of these on the °uid
mechanics of the ground e®ect wake. All the results presented in this chapter
are obtained from PIV tests conducted with the Large Rotor collective angle at
approximately µ0 = 8:8o and at a ground distance of h
R = 1:0, unless otherwise
stated. A summary of the rotor and experimental parameters considered during
the PIV tests are presented in Table 5.1 and a schematic of the rotor arrangement
in the wind tunnel is presented in Figure 5.1. Further details concerning the
experimental methodology can be obtained from Section 2.5.3.
5.1.1 Ground boundary con¯gurations
Investigations of the e®ects of the ground boundary conditions on the ground
e®ect wake of the rotor were conducted using the rolling road facility installed
105Chapter 5. Experimental Results 106
Large Rotor Parameters
Radius (R) 0:5m
¹¤ tested 0:3 - 1:0
Rotational Speed 960RPM (16Hz)
Rotor CT (in hover) 0:010 at µ0 = 8:8o & 0:015 at µ0 = 12:8o
Ground distances 1:0R & 2:0R
Rotor Con¯guration Quasi-Trimmed & Untrimmed
Rolling Road Stationary (Vg=V1 = 0) & Moving (Vg=V1 = 1)
Table 5.1: Large Rotor and experimental parameters used for the PIV tests
conducted in the Argyll wind tunnel.
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Figure 5.1: Schematic diagram of the arrangement of the Large Rotor model
in the Argyll wind tunnel.
in the wind tunnel. Ground boundary conditions were varied by changing the
rolling road (ground) speed, Vg, relative to the wind tunnel freestream speed,
V1. Two ground boundary con¯gurations were tested during this research; a
stationary ground con¯guration represented by Vg=V1 = 0 and a moving ground
con¯guration represented by Vg=V1 = 1, where the rolling road speed was set to
within §0:1ms¡1 of the wind tunnel speed.
5.1.2 Rotor trim conditions
The preliminary ground e®ect investigations, presented in Chapter 4, showed sig-
ni¯cant changes to the shape of the resulting wake as the normalised advance ratio
was varied. With changes in the location of the ground e®ect features known toChapter 5. Experimental Results 107
a®ect the in°ow through the rotor disk [23, 24, 27], the trim state of the rotor
would be di®erent for each advance ratio setting, if a ¯xed pitch rotor model was
used for the investigations. This meant that for a comparison of the ground e®ect
wake at di®erent advance ratios, it was essential that the rotor model could be
operated as close to the same trim condition as possible. To facilitate this as well
as comparisons/veri¯cations with untrimmed ground e®ect wake data from ¯xed
pitch models, the Large Rotor rig used for these experiments was designed with
trimming capabilities.
Trimming on the Large Rotor was conducted using the cyclic pitch actuation
systems (refer to Figures 2.5 and 2.6). In this case, the cyclic pitch angles were
adjusted to align the vertical force centroid with the rotor hub. Trimming of the
Large Rotor in this manner only allowed for a quasi-trim state; while the load-cell
arrangement on the rig allowed for the measurement of the vertical forces acting
on the rotor rig, the side forces acting on the rotor system could not be measured,
and was thus not accounted for during the trimming process. This means that the
trimming method employed by the Large Rotor was not the same as zero rolling
and pitching moments obtained during wind tunnel trim, where force equations
are solved, or during free-°ight trim, where the forces and moments contributed
by all the components of the helicopter are considered to derive the rotor disk
orientation and control settings [11]. For the purposes of this research, this trim
condition is referred to as the quasi-trim state of the Large Rotor. In addition
to experiments conducted with the quasi-trimmed Large Rotor, experiments with
the Large Rotor in an untrimmed con¯guration, where the cyclic pitch angles on
the rotor were set to zero, were also conducted.
5.1.3 PIV Data presentation and validity
PIV results presented in the following sections are categorised into the experi-
mental con¯gurations tested during the experiments. Four di®erent experimental
con¯gurations were tested, and these were namely; (i) rotor untrimmed, rolling
road stationary (Vg=V1 = 0), (ii) rotor quasi-trimmed, rolling road stationary
(Vg=V1 = 0), (iii) rotor untrimmed, rolling road moving (Vg=V1 = 1) and (iv)
rotor quasi-trimmed, rolling road moving (Vg=V1 = 1).Chapter 5. Experimental Results 108
Most of the PIV plots presented cover a 2:0R £ 1:4R ¯eld-of-view of the rotor
ground e®ect °ow-¯eld, as represented schematically in Figure 5.2. Wide regions
of the ground e®ect wake, upstream of the rotor, was investigated using View 1,
as shown in Figure 5.2 (a), while View 2, shown in Figure 5.2 (b), was used to
investigate the development of the ground e®ect wake under the rotor disk by
capturing data from about 0:2R inboard of the leading edge of the rotor. Double
frame, double pulse PIV was conducted and 120 image pairs recorded for each
test, with an inter-pulse time delay between successive images set at ¢t = 300¹s,
appropriate for a freestream velocity range of 1:5ms¡1 < V1 < 5:0ms¡1. For View
1, the laser was un-synchronised with the rotor, while for View 2, the laser was
phase-locked with rotor azimuth, with a phase angle of 45o. Synchronisation of
the PIV laser triggering with rotor azimuth was done for View 2 to avoid shadow,
glare and beam re°ections in the regions beneath the rotor disk plane so that valid
°ow data could be captured near and under the rotor disk.
The recorded PIV images were processed using the DaVis 7.2 software [71]; an
iterative scheme with a 50% overlap was used, with a ¯nal PIV interrogation win-
dow size of 32 £ 32 pixels [78]. Peak-locking e®ect in the derived PIV vector
maps was calculated by DaVis 7.2 to have an average value of 0.0651, and was
observed to be within the acceptable range of < 0:1 [83]. The choice of the PIV
parameters combined to produce good quality velocity data, with the only source
of erroneous data observed at the edges of the PIV vector maps. These were due
to poor illumination quality at the edges of the images and inherent properties of
the imaging system and were especially noticeable in the wide area ¯eld-of-view
test results. To measure the cross-°ow velocity component, w, observed within
the wake, Stereoscopic (Stereo) PIV tests were performed on similar regions of
the °ow-¯eld. Validation of the stereo PIV results was conducted using a uniform
freestream in the wind tunnel. These tests were used to benchmark the PIV set-
up, and revealed no velocity gradients across the imaged ¯eld-of-view.
PIV results from the Large Rotor experiments will be presented in a series of
velocity, vorticity or mean °ow pathline plots, in the forthcoming sections. The
(r;y;z) co-ordinate system adopted in the PIV is shown in Figure 5.1, with the
origin at the rotor hub. The (u;v;w) velocity components presented in the plots
represent the longitudinal, vertical and lateral velocity components along the (r;y)Chapter 5. Experimental Results 109
(a) PIV ¯eld-of-view ahead of the rotor disk
(b) PIV ¯eld-of-view under of the rotor disk leading edge
Figure 5.2: Ground e®ect ¯eld-of-views represented in PIV data presented in
Chapter 5.
plane. All the plots presented in this chapter represent the °ow in the (r;y)
plane, and are scaled with respect to the rotor radius, R, with r
R representing the
normalised spanwise location in the °ow-¯eld and
y
R, the normalised distance from
the rotor hub. If present within the ¯eld-of-view, the rotor disk is represented by
a black line in the plots (or by a red line in the mean °ow pathline plots), with
the rotor hub at the origin and the leading edge blade tip at the ordinate ( r
R;
y
R) =
(1;0). For most of the PIV data presented, the rotor is at a ground distance of
h
R = 1:0 and in these cases, the ground is represented on the PIV plots by a black
line along
y
R = ¡1. Velocity, where presented, has been scaled with Vh, where
Vh = Vtip
q
CT
2 = 3:55ms¡1, is the hover induced velocity (Vtip = ­R = 50:3ms¡1
is the rotor tip speed), and vorticity has been scaled with
Vh
R .Chapter 5. Experimental Results 110
5.1.4 Experimental Validity
PIV conducted under the rotor disk allowed for the tip vortex system trailed by
the rotor blades to be visualised. Based on the u and v velocity components, the
circulation within the tip vortex was calculated [84], and was used to derive the
circulation Reynolds number, Re¡, of the experiments. At the rotor collective
angle of µ0 = 8:8o, the mean circulation Reynolds number was calculated to be
Re¡ = 60;000, and at the higher rotor collective angle of µ0 = 12:8o, this was
calculated to be around Re¡ = 79;000. A representative blade chord Reynolds
number, at the rotor blade tip, was estimated to be at a moderate value of about
Rec = 182;000. The measured Re¡ for all the test cases was well above the value
suggested by Sava» s et. al [79], and implies that the °ow can be considered to be
inertia dominated and representative of a larger rotor system.
Details of the tip vortices trailed by the rotor blades were obtained from the PIV
measurements near the rotor disk plane using a 200mm focal length lens. The
camera ¯eld-of-view (View 4) corresponding to these tests, shown in Figure 2.13
(d), allowed for improved spatial resolution of the tip vortex system. A snap-shot
of the velocity ¯eld near the rotor disk plane at an instant of time is presented
in Figure 5.3. The rotor leading edge is located at ( r
R;
y
R) = (1;0), and the rotor
was quasi-trimmed in ground e®ect at a normalised advance ratio of ¹¤ = 0:51,
with a collective angle of µ0 = 12:8o, and the ground stationary (Vg=V1 = 0).
The velocity plot shows details of the tip vortices trailed beneath the rotor disk.
Contour levels signify the physical velocity magnitudes observed across the imaged
region, with the °ow velocity reaching a maximum value of some 18:9ms¡1. The
corresponding vorticity plot presented in Figure 5.4, where the vorticity presented
is scaled with Vh = 4:35ms¡1, clearly identi¯es the tip vortices imaged. From
the vorticity plot, the diameter of the tip vortex trailed by the rotor blade was
measured to be about 0:05R (or 2:5cm). When scaled with respect to the rotor
chord length, c, this amounts to 0:47c.
Both the u and v velocities measured along a horizontal plane,
y
R = ¡0:2338,
through the centre of the vortex core, are plotted in Figure 5.5. The locations of
the tip vortex boundaries and its measured centroid location are also indicated
in this ¯gure. Measurements of the v-velocity component across the vortex core,Chapter 5. Experimental Results 111
corresponding to the swirl velocity component of the vortex, show the peak swirl
velocity to be 20% of the blade tip velocity (Vtip = 50:3ms¡1). Velocity distri-
butions observed across the vortex core, and the asymmetry of the peak swirl
velocities on the opposite sides of the vortex show similarities to results from
other previously conducted experiments [85]. 14 measurement points across the
vortex core were obtained from the PIV and this was used to derive the circulation
associated with the tip vortex of the rotor system, calculated in this case to be
about ¡TV = 0:88m2s¡1. With the rotor in the said con¯guration, the PIV data
indicated a tip vortex circulation Reynolds number of RE¡ = 61;000.
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Figure 5.3: Instantaneous velocity ¯eld under the Large Rotor operated at
a normalised advance ratio of ¹¤ = 0:51. The rotor was quasi-trimmed and
operating with a disk collective of µ0 = 12:8o. The rotor ground distance was
1.0R and the rolling road was stationary (Vg=V1 = 0). The contour levels signify
the physical velocity magnitudes observed across the imaged ¯eld-of-view.Chapter 5. Experimental Results 112
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Figure 5.4: Instantaneous vorticity plot under the Large Rotor operated at
a normalised advance ratio of ¹¤ = 0:51. The rotor was quasi-trimmed and
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1.0R and the rolling road was stationary (Vg=V1 = 0). The contour levels
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0.6 0.7 0.8 0.9 1 1.1
−20
−15
−10
−5
0
5
10
Spanwise location, r/R
V
e
l
o
c
i
t
i
e
s
,
 
(
m
/
s
)
 
 
u−component velocity
v−component velocity
vortex centroid location
vortex edge
Figure 5.5: Velocity distribution across the PIV ¯eld-of-view at y/R=-0.2338.
(u;v) velocity across the vortex with centroid at (r=R;y=R) = (0:7692;¡0:2338)
is shown, with the vortex edges marked by the blue boundary lines in the plot.
14 PIV measurement points were recorded across the measured tip vortex.Chapter 5. Experimental Results 113
5.2 E®ect of rotor trim and moving ground con-
ditions
Figure 5.6 presents the mean vorticity plots for the di®erent rotor trim and ground
boundary con¯guration tests, where the Large Rotor was operated at a normalised
advance ratio of around ¹¤ ¼ 0:66. The corresponding mean °ow pathline plots
are presented in Figure 5.7. A di®erent ¯eld-of-view (Figure 5.2 (b), View 2) was
used for the moving ground con¯guration (Vg=V1 = 1) results presented in frames
(b) and (d) of these ¯gures, to capture the full extent of the ground e®ect °ow
features in these cases. In this ¯eld-of-view (View 2), artefacts caused by poor
beam quality at the far edge of the light sheet, were seen to cause strong negative
vorticity at the extreme top left edge of the vorticity plots (above the disk) and
are ignored during the analyses of the data. The mean vorticity plots shown in
Figure 5.6 present the relative locations of the mean recirculation region of posi-
tive vorticity induced by the ground at the various experimental con¯gurations.
For the untrimmed rotor and stationary ground (Vg=V1 = 0) con¯guration, the
mean recirculation zone was observed to form furthest upstream ahead of the rotor
disk leading edge, as shown in Figure 5.6 (a). In this plot, the recirculation zone
is seen to exist at around 1:4 < r
R < 2:1, with the edge of the zone extending to
r
R ¼ 2:3. To identify the e®ects of the ground boundary conditions and rotor trim
on the ground e®ect wake, each of these parameters were varied individually and
the °ow recorded at the same normalised advance ratio. Results of these tests are
presented in Figures 5.6 (b) and (c) respectively. As shown in Figure 5.6 (b), the
moving ground boundary condition (Vg=V1 = 1) is seen to move the recirculation
zone closer to the rotor disk, with the vorticity zone extending to reach around
r
R ¼ 1:7 upstream. With the location of the mean recirculation zone in°uenced
by the °ow separation position, the change in the location of the mean °ow topo-
logical separation point caused by the moving ground boundary condition was
calculated. At this normalised advance ratio, the moving ground con¯guration
was seen to cause a 0:5R shift in the °ow separation point closer to the rotor disk,
compared to the stationary ground con¯guration case.Chapter 5. Experimental Results 114
Rotor trim con¯guration changes were seen to cause a smaller shift in the mean
recirculation zone, as shown in Figure 5.6 (c); in this plot, the mean recirculation
region was seen to form around 1:4 < r
R < 2:0. The change in the rotor trim
con¯guration was seen to cause a 0:1R shift in the topological °ow separation
point location, as seen through a comparison of Figures 5.6 (a) and (c) . With
both the rotor trim and ground con¯gurations seen to cause shifts in the °ow
separation location, the quasi-trimmed rotor and moving ground con¯guration
(Vg=V1 = 1) case, shown in Figure 5.6 (d), was seen to cause the greatest shift
in the location of the ground e®ect wake features. A comparison of this plot with
Figure 5.6 (a), showed the mean recirculation zone to form much closer to the
rotor disk, with the vorticity zone edge extending to only r
R ¼ 1:4. Figure 5.7,
showing the mean °ow pathline plots of the respective cases, further illustrates the
changes in the locations of the °ow separation point and the mean recirculation
zone brought about by the rotor trim and ground boundary conditions.
5.2.1 In°uence of rotor trim conditions
Decisions made during the rotor design process to incorporate cyclic pitch adjust-
ment capabilities in the Large Rotor model were based on the necessity to compare
the wake produced by di®erent rotor and experimental test con¯gurations. With
the location of the ground e®ect wake features known to a®ect the performance
of the rotor [27] and its trim [23], the cyclic pitch actuation systems on the Large
Rotor allowed for similar rotor trim con¯gurations to be maintained during the
tests. This ensured that wake comparisons made from the PIV tests conducted
at di®erent experimental con¯gurations were for the ground e®ect wake formed at
similar rotor trim con¯gurations. Two rotor trim con¯gurations were tested with
the Large Rotor during this PIV analysis; a quasi-trimmed rotor con¯guration was
tested to identify the in°uence of trim on the ground e®ect wake features and to
allow for comparisons of the wake at a known and constant rotor con¯guration.
An untrimmed rotor con¯guration with zero cyclic blade pitch angles was consid-
ered to allow for comparisons with ground e®ect data obtained from ¯xed pitch
rotor models (Small Rotor, used to verify these PIV tests and Rotor A, used in
the preliminary PIV investigations).Chapter 5. Experimental Results 115
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Trimming of the Large Rotor was conducted by adjusting the cyclic blade pitch
angles to align the vertical force centroid with the rotor hub. This is signi¯cantly
di®erent from helicopter trim, where cyclic pitch adjustments are made to balance
all forces and moments acting on the rotor and airframe [86]. In a conventional
helicopter, longitudinal cyclic pitch adjustments result in a longitudinal disk tilt,
and are used to balance the longitudinal forces and pitching moments, while lat-
eral cyclic pitch adjustments, resulting in a lateral disk tilt, are used to balance
side forces (especially due to the tail rotor) and rolling moments [11]. With only
the vertical forces (and its associated moments) acting on the rotor system bal-
anced and no account made for the side forces acting on the rig, trimming of the
Large Rotor did not guarantee zero pitching and rolling moments acting on the
rotor system. Testing of the Large Rotor using this quasi-trim state meant that
the ground e®ect wake produced by this rotor con¯guration may di®er from the
wake that would be produced if all the forces and moments acting on the Large
Rotor was accounted for. With research conducted by Curtiss et. al showing lon-
gitudinal disk tilt to have little e®ect on the formation of the ground e®ect wake
[27], this di®erence would be limited to changes in the wake symmetry caused by
any additional lateral disk tilt required to compensate for side forces acting on
the Large Rotor (which is not accounted for by the wake produced by the quasi-
trimmed Large Rotor).
Based on this trim de¯nition, PIV tests were conducted with the Large Rotor
for a quasi-trimmed and untrimmed rotor con¯guration. Results from both rotor
trim con¯gurations showed an insigni¯cant di®erence in the ground e®ect °ow-
¯eld, despite signi¯cant di®erences in the vertical rotor force centroid locations
between the cases. Besides a change in the location of the ground e®ect wake
interaction boundary, the rotor trim con¯guration was seen to have little e®ect
on the detailed structures and the vorticity strengths associated with the ground
e®ect wake. Similar results were obtained from both the stationary and moving
ground con¯guration tests, and is clearly illustrated in Figure 5.6; a comparison
between Figures 5.6 (a) and (c) and between Figures 5.6 (b) and (d) showed little
di®erences in the formed wake features. Instead, variations in the rotor trim state
were observed to only result in small changes in the locations of the mean topo-
logical °ow separation points, and these were seen to cause small changes to the
sizes of the mean recirculation zones.Chapter 5. Experimental Results 118
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Figure 5.8: Mean topological separation points derived from the PIV data at
varying normalised advance ratios (¹¤) for all the experimental con¯gurations
tested.
Figure 5.8 presents the variation in the mean topological separation point locations
derived from the PIV, between the untrimmed and quasi-trimmed rotor con¯gu-
rations, for both the stationary (Vg=V1 = 0) and the moving ground (Vg=V1 = 1)
con¯gurations, for the range of normalised advance ratios tested. Flow separation
along the ground was identi¯ed from the PIV velocity data by considering the
u-velocity information close to the ground plane. The location where a change in
sign of the u-velocity component was observed was de¯ned as the region where
°ow separation occurred; a linear interpolation was done to estimate the location
where u = 0, and this was identi¯ed as the topological separation point location
of the °ow. For both ground boundary con¯gurations tested, Figure 5.8 shows
the quasi-trimmed rotor con¯guration to result in the °ow separation to occur
about 0:1R closer to the rotor disk, with the most signi¯cant shifts of around 0:2R
observed when ¹¤ > 0:7. Di®erences observed in the mean topological °ow separa-
tion locations between the rotor trim con¯gurations can be attributed to the slight
variations in the rotor thrust that was seen to result from the cyclic adjustments
made during the trimming process. On average, the Large Rotor showed a 2%
reduction in the CT when the rotor was quasi-trimmed. While this reduction in
CT caused an insigni¯cant change to the normalised advance ratio, it was seen toChapter 5. Experimental Results 119
cause the °ow separation to occur slightly closer to the rotor disk compared to the
untrimmed rotor con¯guration.
Analyses of the PIV results from the Large Rotor tests suggest that during wind
tunnel testing of rotors in ground e®ect, the rotor trim conditions may not be a
signi¯cant factor a®ecting the °uid dynamics of the ground e®ect wake, in terms
of the general formation and structure of the ground e®ect °ow-¯eld. Detailed
features of the ground e®ect °ow-¯eld, at least in a two-dimensional slice of the
°ow-¯eld along the longitudinal axis of the rotor, were observed to be similar
for both the quasi-trimmed and untrimmed rotor con¯gurations. Although these
observations are limited to the wake produced by a rotor system which did not take
into account the side forces acting on it, the asymmetry of the wake interaction
boundary which may result from the lateral disk tilt required to trim this side
force is not expected to change the detailed structure of the ground e®ect wake
features.
5.2.2 In°uence of ground boundary conditions
Since little information is currently available on the validity of conducting ground
e®ect experimental research using ¯xed ground planes, one of the major objectives
of this research was to determine the importance of the ground boundary condi-
tions on the formation and evolution of the ground e®ect wake. Accordingly, tests
with the rolling road stationary (Vg=V1 = 0) were conducted to represent ¯xed
ground plane con¯gurations and the rolling road was moved with the freestream
equivalent speed (Vg=V1 = 1) to represent moving ground conditions. This mov-
ing ground con¯guration was used to provide a better representation of the for-
ward °ight of a helicopter over a stationary ground, with a velocity comparable
to the wind tunnel freestream velocity, V1. Results from these tests were com-
pared to data obtained from experiments conducted with the non-moving ground
(Vg=V1 = 0), which is analogous to a rotor hovering over a ¯xed ground point in
a strong head-wind.
Comparison of the PIV data, presented in Figure 5.6, show the ground bound-
ary con¯gurations to cause signi¯cant di®erences in the ground e®ect wake. OneChapter 5. Experimental Results 120
of the most prominent changes observed in the wake, as seen from Figure 5.7,
was the change in the topological °ow separation location caused by the moving
ground boundary condition, which was in turn seen to alter the size and location
of the mean recirculation zone. Figure 5.8 shows the moving ground con¯guration
(Vg=V1 = 1) to cause the topological °ow separation to form around 0:5R closer
to the rotor disk, compared to the stationary ground con¯guration (Vg=V1 = 0).
This was observed to occur for both the rotor trim con¯gurations, throughout the
range of normalised advance ratios tested. Such large shifts in the wake location
imply that ground boundary conditions maintained during experimental testing of
ground e®ect have the potential to alter the ground e®ect °ow regimes [24, 27] at
which the rotor is operating. Figure 5.8 also emphasises the changes in the ground
boundary con¯guration to have a more prominent e®ect on the wake compared to
changes in the rotor trim con¯guration.
The average vorticity plots presented in Figure 5.6 also show the presence of the
wind tunnel ground boundary layer, observed particularly from the stationary
ground con¯guration data shown in Figures 5.6 (a) and (c). In these plots, the
wind tunnel boundary layer is seen to induce a region of very low magnitude
positive vorticity, along the ground at r
R > 2:5, upstream of the mean recirculation
zone. When the rolling road is moving, this wind tunnel ground boundary layer is
less apparent, resulting in the °ow near the ground plane beyond the recirculation
zone to be a®ected by vorticity magnitudes close to zero. Flow just above the
ground plane, beyond r
R > 2:0, seen in Figure 5.6 (b) and (d), show only small
\spots" of weak magnitude positive vorticity present at the bottom right edge of
the plots. These are artefacts resulting from the large chip size of the imaging
camera, and are obtained at the corners of the images recorded for all the wide
area ¯eld-of-view experiments. These artefects are also present in Figure 5.6 (a)
and (c), although the weak magnitude vorticity induced by the presence of the
wind tunnel boundary layers overlap the artefacts in these cases.
5.2.2.1 E®ect of ground boundary conditions on rotor trim
Analyses of data from the PIV experiments conducted have also shown the ground
boundary con¯gurations to have a signi¯cant e®ect on the cyclic pitch angles re-
quired to trim the rotor during ground e®ect testing. Figure 5.9 presents theChapter 5. Experimental Results 121
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Figure 5.9: Lateral and longitudinal cyclic blade pitch adjustments required
to reach the Large Rotor quasi-trim state, in ground e®ect forward °ight. The
rotor collective pitch setting was µ0 = 8:8o.
longitudinal and lateral cyclic pitch inputs that were required to reach the Large
Rotor quasi-trim state. Cyclic trim data when the rotor collective was µ0 = 8:8o
are shown in the ¯gure, for the two ground boundary con¯gurations and range of
normalised advance ratios tested. Signi¯cant di®erences were especially observed
in the lateral cyclic adjustments required to trim the rotor between the ground
con¯guration cases. For the moving ground boundary con¯guration (Vg=V1 = 1),
an almost step-like change in the lateral cyclic input was observed at around
0:62 < ¹¤ < 0:7, while the increase in lateral cyclic angle for the ¯xed ground
con¯guration (Vg=V1 = 0) tests were seen to be more gradual with increasing
normalised advance ratio. The lateral cyclic trim data produced by the moving
ground con¯guration was similar to those observed from helicopter °ight data [36]
and other ground e®ect experimental data [23], while trim data obtained from
the stationary ground con¯guration case showed lesser similarities. This can be
quali¯ed through a comparison of Figure 5.9 and Figure 1.5, where test data from
Sheridan and Weisner [23] show a similar step-like change in lateral cyclic input
(required to overrun the ground vortex), within the range of °ight speeds tested.
Trim data collected from these experiments can thus be used to conclude that
the ¯xed ground boundary con¯guration is a poor representation of helicopters inChapter 5. Experimental Results 122
ground e®ect forward °ight, as it does not produce the expected step-like change
in lateral cyclic input observed in actual helicopter ground e®ect °ight data. Trim
data obtained from tests conducted with the moving ground condition however
showed trim control inputs similar to that resulting from helicopter operations
in ground e®ect forward °ight, and suggests that this con¯guration can be used
to obtain a good representation of the ground e®ect wake. Results from these
experiments thus suggest that ground e®ect experiments can be conducted with
relative ease in wind tunnels ¯tted with moving ground planes, instead of having to
consider larger, more elaborate experimental facilities to re-create accurate ground
boundary conditions necessary for ground e®ect testing.
5.2.2.2 E®ect of ground boundary conditions on the ground e®ect wake
features
In addition to changes in °ow separation location and rotor trim characteristics,
the ground boundary con¯guration was also seen to a®ect the detailed structure
of the ground e®ect wake. The mean vorticity plots presented in Figure 5.6 clearly
showing this di®erence. The moving ground con¯guration (Vg=V1 = 1) cases pre-
sented in Figure 5.6 (b) and (d) show the tip vortices, the high magnitude positive
vorticity extending under the rotor disk, continuing as a trail of lower magnitude
positive vorticity as they expand out along the ground. At the °ow separation
point, this trail is seen to leave the ground and continue in a de¯nite track to
form a loop within the mean recirculation zone. Comparisons with vorticity data
from the stationary ground con¯guration (Vg=V1 = 0) tests presented in Figures
5.6 (a) and (c) show the track of tip vortices spreading along the ground until
the °ow separation point. Beyond this point, no de¯nite track of vorticity was
seen within the recirculation zone; instead, the vorticity was seen to accumulate
close to the centre of the mean recirculation zone. This accumulation of vorticity
within the mean recirculation zone, as shown in Figure 5.6 (a), is consistent with
observations from the °ow visualisation and PIV results discussed in Chapters 3
and 4, where similar experimental conditions were maintained. With Figure 5.6
showing the rotor trim con¯gurations to cause little di®erence in the structure of
the ground e®ect wake features, the di®erences observed in the spread of vorticity
within the mean recirculation zone in the ground e®ect °ow-¯eld can be concluded
to be an e®ect of only the ground boundary con¯guration on the resulting wake.Chapter 5. Experimental Results 123
Another di®erence observed from the vorticity data in Figure 5.6 was the promi-
nence of the negative vorticity in the °ow-¯eld. Primarily seen along the ground
plane, this negative vorticity is the surface boundary layer induced by the mean
rotor °ow expanding along the ground plane; a detailed analysis of this will be
provided in a later section (Section 5.4.3). Mean °ow data presented in Figure 5.6
however show the negative vorticity to be a more prominent feature in the ground
e®ect °ow-¯eld resulting from the moving ground con¯guration (Vg=V1 = 1) than
in the °ow-¯eld produced by the stationary ground (Vg=V1 = 0). Referring to
Figures 5.6 (b) and (d), a narrow strip of negative vorticity can be seen lying
between the ground and the mean positive vorticity zone above it. This negative
vorticity is seen to exist from the location where the tip vortex system reaches the
ground plane right up to the °ow separation zone, where the trailing vortex sys-
tem was seen leaving the ground plane. Vorticity data from the stationary ground
con¯guration (Vg=V1 = 0) tests presented in Figure 5.6 (a) and (c), captured at
a more upstream ¯eld-of-view, show only part of this negative vorticity trail. It
is however obvious from these plots that the trail of negative vorticity next to
the ground is weaker in strength and inconsistent in appearance along the ground
plane. In the case of Figure 5.6 (a), negative vorticity is only noticed around the
°ow separation zone. This observation suggests that the ground boundary con¯g-
uration signi¯cantly a®ects the °uid dynamics of the ground e®ect wake, especially
near the ground plane, and has to be carefully considered to obtain an accurate
representation of the ground e®ect wake.
5.2.2.3 Dispersion Radius
To quantify the di®erences in the vorticity distribution caused by the di®erent
ground con¯gurations in the mean ground e®ect °ow-¯eld, the enstrophy disper-
sion radius, rEN was de¯ned. This parameter essentially represents the dispersion
of vorticity in a selected region of the °ow-¯eld. Calculation of the enstrophy
dispersion radius involves the calculation of the total enstrophy, EN =
R
!2dA
(derived from the vorticity in the °ow-¯eld), and the position of the enstrophy
centroid, xEN = 1
EN
R
x!2dA, within a speci¯c region. Enstrophy was chosen in-
stead of vorticity to avoid di±culties that can be encountered whilst working with
changing vorticity signs in the chosen region of interest [87]. Using the calculated
enstrophy parameters, the enstrophy dispersion radius, rEN, is de¯ned as [88],Chapter 5. Experimental Results 124
r
2
EN =
1
EN
Z
jx ¡ xENj
2!
2dA (5.1)
As an example, for a circular vortex of radius rvor, and uniform vorticity (i.e. solid
body rotation), the enstrophy dispersion radius, rEN, can be calculated to be rvor p
2 .
Equation 5.1 was used in this study to calculate the mean enstrophy dispersion
radius, ¹ rEN in the wake produced by the di®erent rotor trim and ground boundary
con¯gurations, at each normalised advance ratio tested.
Figure 5.10 presents the results of the calculated mean enstrophy dispersion ra-
dius, ¹ rEN, scaled with respect to the rotor radius, R, for the range of normalised
advance ratios tested. As seen from the plot, ¹ rEN was seen to be greater for
the stationary ground boundary con¯guration (Vg=V1 = 0) cases than the mov-
ing ground con¯guration (Vg=V1 = 1) cases at similar normalised advance ratios.
With the di®erent ground boundary con¯gurations causing °ow separation to oc-
cur at di®erent locations, for the same normalised advance ratios, data presented
in this ¯gure represents the dispersion radius at di®erent °ow separation positions.
To have a clearer indication of the e®ect of the ground boundary con¯guration on
the distribution of vorticity, comparisons of the data at similar °ow separation
point locations have to be considered. Figure 5.11 presents this data, and it is
obvious from the plot that at similar °ow separation point locations, the disper-
sion of vorticity in the °ow-¯eld, produced by the stationary ground (Vg=V1 = 0)
con¯guration, was smaller than that produced by the moving ground (Vg=V1 = 1)
con¯guration. A smaller radius of dispersion meant that most of the vorticity was
con¯ned to smaller regions of the °ow-¯eld in the case of the stationary ground
(Vg=V1 = 0) con¯guration. Mean vorticity plots in Figure 5.6, showed this to
occur within the mean recirculation region, where the vorticity was observed to
accumulate. In the case of the moving ground con¯guration (Vg=V1 = 1), the dis-
persion of vorticity within the °ow-¯eld was calculated to be about 18% larger (on
average), thus signifying greater proportions of the °ow-¯eld to contain vorticity
transported from the ground.Chapter 5. Experimental Results 125
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Figure 5.10: Mean enstrophy dispersion radius for a range of normalised
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5.2.3 Summary of the importance of ground boundary con-
ditions
With the ground boundary con¯gurations seen to have signi¯cant e®ects on the lo-
cation and detailed structure of the ground e®ect °ow features, and seen to a®ect
the control characteristics of the rotor, it can be concluded that that °uid me-
chanics of the ground e®ect wake is signi¯cantly a®ected by the ground boundary
con¯gurations maintained during experimental testing. This thus implies that sig-
ni¯cant consideration has to be given to re-creating appropriate ground boundary
conditions during experimental testing and numerical simulation of ground e®ect
to ensure that the °uid mechanics of the resulting ground e®ect wake produced
accurately represents the wake produced by a helicopter operating in ground e®ect
forward °ight. Experiments conducted during this research also showed the rotor
trim characteristics to play a minor role in in°uencing the formation of the ground
e®ect wake features, although it can a®ect the location of the ground interaction
boundary and the three-dimensional structure of the overall wake.
Based on these conclusions, the remaining sections of this dissertation will focus on
the °uid mechanics of the ground e®ect wake produced by a quasi-trimmed rotor
operated with a moving ground con¯guration (Vg=V1 = 1), as this experimen-
tal con¯guration best represents a helicopter operating in ground e®ect forward
°ight. The interested reader is referred to Appendix C, where PIV results from
the other experimental con¯gurations tested are presented to further highlight the
di®erences in the °ow-¯eld caused by the varying experimental con¯gurations.
5.3 PIV Results: Mean Flow Data
5.3.1 E®ects of advance ratio
In°uences of advance ratio on the mean ground e®ect °ow-¯eld are illustrated
through a comparison of the mean vorticity plots at a range of normalised ad-
vance ratios, as shown in Figure 5.12. To capture the full extent of the ground
e®ect °ow features, a di®erent ¯eld-of-view (Figure 5.2 (b), View 2) was used
for the higher normalised advance ratio (¹¤ > 0:62) test results presented in thisChapter 5. Experimental Results 127
¯gure. In this ¯eld-of-view (View 2), artefacts caused by poor beam quality at
the far edge of the light sheet, were seen to cause strong negative vorticity at the
extreme top left edge (above the disk) of the vorticity plots and are ignored dur-
ing analyses of the data. Similar mean °ow data, from corresponding tests done
using the other experimental con¯gurations are presented in Appendix C.1.1 for
reference.
In general, the normalised advance ratio of the °ow was seen to in°uence the lo-
cation of °ow separation and formation of the mean recirculation (vorticity) zone.
Data presented in Figure 5.8 showed the mean topological °ow separation to occur
closer to the rotor disk at progressively higher normalised advance ratios, and this
change was seen from Figure 5.12 to cause the corresponding mean recirculation
region to form closer to the rotor disk. At low normalised advance ratio, the mean
recirculation zone was seen as a large region of low magnitude vorticity, an ex-
ample shown in Figure 5.12 (a). As the normalised advance ratio was increased,
°ow separation was seen to occur nearer the rotor disk, and the resulting mean
recirculation zone was seen to become a more compact region of higher magnitude
vorticity.
Vorticity data from PIV tests conducted under the rotor disk for normalised ad-
vance ratios above ¹¤ = 0:62 showed the trail of the tip vortex system leaving the
rotor. Synchronisation of the laser with rotor azimuth allowed for the tip vortex
trail to be re°ected in the vorticity plots without being resolved during the averag-
ing process. Figures 5.12 (e) - (h) show this tip vortex system, with the wake skew
angle seen to progressively increase with normalised advance ratio. The tip vortex
system in Figure 5.12 (e), is seen leaving the rotor and reaching the ground. At the
ground plane, the system continues as a trail of lower magnitude positive vorticity
as it spreads out along the ground. At the separation point, the trail of vorticity is
seen to leave the ground and continue in a de¯nite track to form a loop within the
recirculation zone. This loop is seen to possess lower vorticity strengths compared
to the tip vortices, although its vorticity strength was seen to increase with nor-
malised advance ratio, as seen in Figure 5.12 (f). As the normalised advance ratio
was further increased, this loop was replaced by the tightly concentrated vortex,
shown in Figures 5.12 (g) and (h), of magnitudes comparable to the tip vortex
strengths. This reduction in size of the vorticity zone with increasing normalisedChapter 5. Experimental Results 128
advance ratio was quanti¯ed through the enstrophy dispersion radius, presented
in Figure 5.10.
The vorticity plots in Figure 5.12 also show a narrow strip of negative vorticity
lying between the ground and the mean positive vorticity zone above it. As is seen
from Figure 5.12 (e), this negative vorticity exists from the location where the tip
vortex system reached the ground right until the °ow separation zone, where the
trailing vortex system was seen leaving the ground plane. As the normalised ad-
vance ratio increased, the magnitude of negative vorticity in this zone was seen to
increase. The presence of this trail of negative vorticity along the ground plane can
be attributed to the formation of a boundary layer induced by the rotor wake trail-
ing along the ground plane and secondary separation induced by the tip vortices
in the ground plane. Evidence of secondary separation occurring along the ground
plane was provided by the talcum powder °ow visualisation images, presented in
Chapter 3, and a more detailed discussion of this will be presented in Section 5.4.3.
Comparison between these Large Rotor PIV results and results obtained from
the preliminary PIV investigations of the ground e®ect °ow-¯eld, presented in
Chapter 4, show similarities in the evolutionary trends of the ground e®ect wake
with changing normalised advance ratios, although the distribution of vorticity
within the mean recirculation zone, and the prominence of negative vorticity in
the °ow-¯eld were di®erent between the results. These di®erences in the wake
are attributed to the di®erences in the ground boundary con¯gurations between
the two tests as was discussed in Section 5.2.2. Similar qualitative di®erences in
the wake were also observed from the other Large Rotor tests conducted with the
ground kept stationary (Refer to Appendix C.1.1).
5.3.2 E®ect of rotor ground distance
Variations in rotor ground distance have been seen to alter the °ow separation
location, and thus the size of the mean °ow recirculation region. As was seen
from the preliminary PIV results (Section 4.3.1), higher ground distances resulted
in the mean °ow separation point and the mean recirculation zone to form closer
to the rotor for the same normalised advance ratio settings. Experimental resultsChapter 5. Experimental Results 129
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(c) Rotor at¹¤ = 0:51 (d) Rotor at ¹¤ = 0:55
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(e) Rotor at¹¤ = 0:62 (f) Rotor at ¹¤ = 0:66
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(g) Rotor at¹¤ = 0:7 (h) Rotor at ¹¤ = 0:76
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Figure 5.12: Mean Vorticity plots at a range of normalised advance ratio (¹¤)
with the rotor quasi-trimmed and the ground moving (Vg=V1 = 1). The rotor
was at a ground distance of 1.0R and the frames show the evolution of the mean
recirculation zone brought about by a change in normalised advance ratio.Chapter 5. Experimental Results 130
from the Large Rotor showed similar changes in the wake and Figure 5.13 presents
the change in the mean topological separation point locations when the rotor was
moved from a ground distance of h
R = 1:0 to a ground distance of h
R = 2:0. Results
from the moving ground boundary con¯guration (Vg=V1 = 1) tests conducted are
presented in this plot, and show the topological mean °ow separation to occur
closer to the rotor when the rotor ground distance was increased. Analysis of the
PIV data showed di®erences in the mean separation point locations between the
di®erent ground distances at comparable normalised advance ratios to be caused
by signi¯cant di®erences in the velocities of the rotor wake expanding along the
ground.
Larger distances between the rotor and the ground, brought about by a greater
rotor height above the ground plane, meant that the trailing wake undergoes more
di®usion before reaching the ground [89]. The rotorwash expanding along the
ground would thus contain lesser velocities. With the rotor parameters (i.e rota-
tional speed and CT) and the freestream velocity (advance ratio) held constant,
this will allow the freestream to overcome the expanding wake nearer the rotor.
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Figure 5.13: Mean topological °ow separation point locations of the ground
e®ect wake at a range of normalised advance ratios for the moving ground
boundary con¯guration (Vg=V1 = 1) tested. Results from the rotor at two
ground distances, h=R = 1:0 and h=R = 2:0 are presented.Chapter 5. Experimental Results 131
Separation subsequently occurs closer to the rotor disk and the resulting recircu-
lation zone is smaller in size. Di®erences in the ground e®ect wake brought about
by changes in the rotor ground distance are illustrated through a comparison of
the mean vorticity and velocity plots from the PIV. Figure 5.14 (a) presents the
mean vorticity plot associated with the quasi-trimmed rotor at a ground distance
of h
R = 1:0 and at a normalised advance ratio of ¹¤ = 0:52. A comparison of this
with the data obtained for the same test conditions, with the rotor at a ground
distance of h
R = 2:0 is shown in Figure 5.14 (c). Relative di®erences between the
locations, sizes and vorticity strengths of the mean recirculation zone are obvi-
ous from the plots. Mean velocities associated with the °ow-¯eld at these rotor
ground distances are presented in Figures 5.14 (b) and (d) respectively, and show
that at the lower ground distance ( h
R = 1:0), the expanding rotorwash along the
ground contained higher mean velocities compared to the higher ground distance
( h
R = 2:0) case. With the rotor operated at a constant rotational speed, lesser dif-
fusion undergone by the wake produced by the rotor at the lower ground distance,
allowed the higher velocity rotorwash to trail along the ground plane over longer
distances before it was overcome by the oncoming freestream.
An analysis of the °ow-¯eld produced by the rotor at di®erent ground distances,
with mean °ow separation occurring at the same ground location, also showed a
variation in size of the mean recirculation zone produced at the di®erent ground
heights. This can also be attributed to the di®erence in the rotorwash velocities
experienced in the °ow-¯eld. Figures 5.14 (e) and (f) show the mean vorticity
and velocity data obtained from PIV tests conducted with the rotor at a ground
distance of h
R = 1:0, and operated at a normalised advance ratio of ¹¤ = 0:7. The
mean topological °ow separation point at this normalised advance ratio setting was
observed to occur at a similar location to the case presented in Figures 5.14 (c) and
(d), where the rotor was at a ground distance of h
R = 2:0. Mean vorticity data from
the two cases show slight variations in the sizes of the mean recirculation zones.
Higher wake velocities associated with the rotor closer to the ground, as shown in
Figure 5.14 (f), allowed for the vortices to be transported higher into the °ow-¯eld,
and resulted in the vorticity distribution within the zone to be wider compared to
the higher rotor ground distance case. With the ground e®ect °ow features known
to a®ect the in°ow through the leading edge of the rotor disk [23], smaller mean
recirculation zones observed in the ground e®ect °ow-¯eld when the rotor is at aChapter 5. Experimental Results 132
higher ground distance suggests that the recirculation from the ground e®ect wake
has a lesser in°uence on the in°ow into the rotor and thus a smaller impact on
the performance of the rotor, when the rotor is at a higher ground distance. The
impact of ground e®ect on rotor performance is therefore less obvious as the rotor
ground distance is increased. This has been re°ected in performance data obtained
from past ground e®ect research, which show the bene¯cal e®ects of ground e®ect
operations to reduce with increasing ground distance [7, 9, 10]. Results from these
experiments also show the size of the mean recirculation region in the ground
e®ect °ow-¯eld to be a function of the rotor ground distance, brought about by
the variations in velocity of the rotorwash expanding along the ground.
5.3.3 E®ect of rotor collective angles
To identify the e®ect of collective angles on the ground e®ect wake features, PIV
tests with the Large Rotor was conducted at two collective angle settings, µ0 = 8:8o
and µ0 = 12:8o. Results from tests conducted at a physical advance ratio of
¹ = 0:047 are presented in Figure 5.15, to illustrate the changes caused in the
ground e®ect wake features by variations in the rotor collective angles. The equiv-
alent normalised advance ratio of the °ow is ¹¤ = 0:66 at the collective setting of
µ0 = 8:8o, and ¹¤ = 0:54 for the collective setting of µ0 = 12:8o. In this ¯gure,
both the mean vorticity and velocity plots present the actual physical vorticity
strengths and velocity magnitudes experienced in the °ow-¯eld.
Increments in the rotor collective angles have an e®ect of increasing the thrust
generated by the rotor blades through a change in overall rotor disk angle of at-
tack. This will be re°ected in the ground e®ect wake as a shift in the mean °ow
separation point further upstream away from the rotor disk, as the expanding rotor
wake will contain greater velocities. Accordingly, the resulting recirculation zone
and vorticity levels experienced within the wake would be altered. Figure 5.15
(a) and (b), presenting the mean velocity plots obtained from the quasi-trimmed
rotor tested at a ground distance of 1:0R with the stationary ground con¯guration
(Vg=V1 = 1), show that the wake trailing from the rotor at the higher collective
angle (µ0 = 12:8o) has higher velocity levels compared to the wake produced by
the rotor at the lower collective angle (µ0 = 8:8o). This results in the trailing wakeChapter 5. Experimental Results 133
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Figure 5.14: Average vorticity and velocity plots for a quasi-trimmed rotor
con¯guration with the ground moving (Vg=V1 = 1). Frames (a), (b) and (c),
(d) compare the e®ects of rotor ground distance on the wake at a normalised
advance ratio of ¹¤ = 0:52, while frames (c), (d) and (e), (f), compare this e®ect
at a similar mean separation point location.Chapter 5. Experimental Results 134
Collective µ0 = 8:8o Collective µ0 = 12:8o
Mean °ow separation at r=R = 1:35 Mean °ow separation at r=R = 2:05
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Figure 5.15: Mean Vorticity plots at ¹ = 0:047 for a quasi-trimmed rotor con-
¯guration at a ground distance on 1.0R and the ground moving at Vg=V1 = 1.
Results from two di®erent rotor blade collective angles are presented. Contour
levels shown represent the physical velocity magnitudes and vorticity strengths
experienced in the °ow-¯eld.
to expand further upstream from the rotor before °ow separation occurs. The re-
sulting mean recirculation region is thus seen to be bigger in size compared to the
lower collective angle (µ0 = 8:8o) case, as shown in the vorticity plots presented in
Figures 5.15 (c) and (d).
The vorticity plots also show the tip vortices to possess greater vorticity strength
for the higher collective angle (µ0 = 12:8o) case, with Figure 5.15 (d) showing the
tip vortices just under the rotor disk to possess higher vorticity strength compared
to the lower collective angle (µ0 = 8:8o) plot presented in Figure 5.15 (c). With
the vortices undergoing di®usion as they trail along the ground, the mean vorticityChapter 5. Experimental Results 135
within the recirculation zone will be comparably lesser than the vorticity levels
observed close to the rotor disk. The di®erences in the vorticity levels within the
mean recirculation region between the two collective angle cases shown in Figures
5.15 (c) and (d) are however subtle, despite the di®erences observed in the vortic-
ity strengths of the tip vortices close to the rotor disk. This is due to the di®erent
levels of di®usion undergone by the vortices before reaching the recirculation zone.
The closer °ow separation location to the rotor disk at the low collective angle
(µ0 = 8:8o), meant that the vorticity levels seen within the recirculation region
is as high as that observed within the recirculation zone for the higher collective
angle (µ0 = 12:8o) case, even though the initial vorticity strengths of the tip vor-
tices between the two cases were di®erent. This thus makes comparisons of the
wake °uid dynamics between di®erent collective angle settings di±cult to perform.
Di®erences in the collective angle settings were also seen from the plots presented
in Figure 5.15 to result is di®erent wake skew angles below the rotor disk, although
the rotor rotational speed and freestream velocity was constant for both test cases.
This in turn, will a®ect the resultant location of the ground e®ect wake features.
With changes in the collective angle resulting in a thrust e®ect, which is seen to
a®ect the wake velocities, wake skew angles and the vorticity strengths experi-
enced in the °ow-¯eld, a direct comparison of the °ow-¯eld between the di®erence
collective angles is not possible without normalising the e®ect of thrust. This is
especially important when comparative studies with other ground e®ect research,
or di®erent rotor models are to be conducted. Also, the changing location of the
wake brought about by changing collective angles will result in the classi¯cation of
the wake into the various ground e®ect °ow regimes to be di®erent for the di®erent
collective settings, if this thrust e®ect is not normalised.
Based on this, the thrust normalised advance ratio is considered during ground
e®ect studies. This would neutralise the variations in the wake skew (de°ection)
angles between di®erent thrust settings, allowing a direct comparison between the
wakes, at the di®erent collective settings, to be possible. Additionally, normali-
sation of the velocity and vorticity strengths with a suitable parameter, such as
the hover induced velocity, Vh, would further facilitate for a direct comparison
between the wakes at di®erent thrust con¯gurations. Consideration of the thrust
normalised advance ratio would mean that a similar °ow-¯eld would be obtainedChapter 5. Experimental Results 136
0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.5
1
1.5
2
2.5
3
3.5
4
Normalised advance ratio, µ
*
C
y
c
l
i
c
 
a
n
g
l
e
s
,
 
d
e
g
 
(
o
)
 
 
Longitudinal Cyclic, V
g/V
∞=1
Lateral Cyclic, V
g/V
∞=1
Longitudinal Cyclic, V
g/V
∞=0
Lateral Cyclic, V
g/V
∞=0
Figure 5.16: Lateral and longitudinal cyclic blade pitch adjustments required
to reach the Large Rotor quasi-trim state, in ground e®ect forward °ight. The
rotor collective pitch setting was µ0 = 12:8o.
for di®erent collective angle settings (or thrust setting). Evidence for this can be
seen from the cyclic trim data recorded for the Large Rotor for the collective angle
of µ0 = 12:8o, shown in Figure 5.16. A comparison of this with Figure 5.9, ob-
tained for the collective angle of µ0 = 8:8o, shows the step-like change in the lateral
cyclic pitch angle to occur between the same normalised advance ratio range of
0:62 < ¹¤ < 0:7, despite di®erences in the collective angle (thrust) settings. These
¯gures suggest that the wake is identical for both the collective angle settings,
although higher cyclic inputs were required for the µ0 = 12:8o case to account for
the di®erences in thrust brought about by the higher rotor collective angle.
5.4 Instantaneous °ow data
Instantaneous °ow data obtained from PIV are useful for providing information of
the °ow-¯eld at speci¯c instances in time. Details such as non-steady °ow struc-
tures lost in the averaging process of the mean PIV data, velocity °uctuations and
time-resolved data such as frequencies (only for time-resolved PIV) can be identi-
¯ed from these snap-shots and provide comprehensive insights into the °ow-¯eld
under investigation. The PIV experiments carried out in this research were notChapter 5. Experimental Results 137
time resolved, and hence could not be used to determine time-dependent charac-
teristics of the investigated °ow-¯eld. They however, could be used to provide
insights into the state of the wake at arbitrary time instances and could be used
to indicate the relative steadiness of the °ow [90].
5.4.1 General Observations
Investigations of the instantaneous PIV vorticity data showed two prominent struc-
tures to exist in the instantaneous ground e®ect °ow-¯eld. Figure 5.17 presents
samples of instantaneous vorticity plots obtained from the test conducted at a
normalised advance ratio of ¹¤ = 0:61, with a quasi-trimmed rotor at a ground
distance of 1:0R and a moving ground con¯guration (Vg=V1 = 1). Artefacts due
to poor data quality are present along the extreme left edges of these plots and are
ignored during the analyses. Results from tests conducted at a similar normalised
advance ratio, using the other rotor trim and ground boundary con¯gurations, are
presented in Appendix C.2 for reference.
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Figure 5.17: Instantaneous vorticity plots at ¹¤ = 0:61 with the rotor quasi-
trimmed and the rolling road moving (Vg=V1 = 1). The rotor was at a ground
distance of 1.0R and the mean topological °ow separation point was at r
R = 1:60.Chapter 5. Experimental Results 138
Analyses of the plots in Figure 5.17 indicate that the instantaneous ground e®ect
°ow-¯eld was characterised by clumps of positive and negative vorticity. Positive
vorticity clumps were seen to possess varying vorticity strengths, with most of the
high magnitude positive vorticity clumps observed to form closer to the ground,
and those higher up in the °ow-¯eld seen to possess lower magnitudes. This
distribution of positive vorticity within the °ow-¯eld can be attributed to the
trailing tip vortex system leaving the rotor disk; as the tip vortices trail with the
rotor wake along the ground plane, they undergo di®usion [89] resulting in vortex
clumps reminiscent of these tip vortices to be observed in the track along the
ground. The time taken for the tip vortices to reach higher up in the °ow-¯eld after
leaving the ground at the °ow separation point allows further dissipation to occur,
resulting in the clumps higher above the ground to be seen with lesser vorticity
strength than those nearer the ground. Figure 5.17 (a) clearly illustrates this,
where the positive vorticity clumps closest to the ground, at ¡1:0 <
y
R < ¡0:8,
are observed to possess higher magnitudes that those further up in the °ow-¯eld,
at
y
R > ¡0:6. Accordingly, the mean vorticity data for this case (presented in
Figure 5.12 (e)) shows high magnitude mean positive vorticity closer to the ground
plane while the vorticity higher up in the °ow-¯eld were seen with lower mean
magnitudes. Similar observations were made from the other normalised advance
ratios tested, with the mean vorticity data presented in Figure 5.12 showing such
distributions of positive vorticity in the ground e®ect wake to be more obvious
in the cases where the mean topological °ow separation point occurred far ahead
( r
R > 1:5R) of the rotor disk.
5.4.2 Positive Vorticity
Postive vorticity associated with the tip vortices were also observed from the in-
stantaneous °ow-¯eld to form a loop within the recirculation zone, after leaving
the ground at the °ow separation point. Figure 5.17 (b) provides a good represen-
tation of this process, and shows discrete high magnitude positive vorticity clumps
to exist in the °ow-¯eld after the °ow separation point. When compared with the
mean vorticity plot presented in Figure 5.12 (e), it can be seen that these high
magnitude positive vorticity clumps exist around a loop which is seen to border
the mean recirculation zone. Comparison of the plots presented in Figure 5.17
show that while the instantaneous °ow-¯eld appeared to be constantly varying, asChapter 5. Experimental Results 139
indicated by the changing separation point locations in the plots, the tip vortices
leaving the ground follow this de¯nite loop-like path into the recirculation region.
Formation of a loop of tip vortices within the mean recirculation region thus ap-
peared to be a consistent feature of the wake, and traces of it is seen in all the
plots presented in Figure 5.17. The presence of this loop of positive vorticity in
the °ow-¯eld appears to be similar to the °ow visualisation observations made by
Ganesh et. al [30, 32] of a loop of tip vortices present in the °ow-¯eld during the
recirculation regime. Preliminary PIV test results presented in Chapters 3 and 4,
and the Large Rotor test results obtained from the stationary ground con¯gura-
tion (Vg=V1 = 0) tests (presented in Appendix C.2), however did not show the
presence of this loop of tip vortices in the ground e®ect °ow-¯eld, and provide
further evidence of the e®ect of the ground boundary con¯guration on the forma-
tion of the detailed ground e®ect °ow features (as was described in Section 5.2.2.2).
Some of the instantaneous vorticity plots presented in Figure 5.17 also show sig-
ni¯cant vorticity regions near/above the rotor disk, implying that re-ingestion of
the wake, identi¯ed by Curtiss et. al [24, 27] to occur in the recirculation regime,
may occur at this normalised advance ratio. Figures 5.17 (a) and (c) clearly show
signi¯cant vorticity magnitudes in regions above the rotor disk; with the rotor in-
ducing a downwash on the air°ow around it, it can be inferred that this vorticity
present above the disk will be ingested through the rotor. In some cases, as shown
in Figure 5.17 (a), the loop of vorticity was seen to reach the °ow vicinty close
to the rotor disk, transporting some of the tip vortices to this region. Presence
of vorticity in °ow regions near/above the rotor disk was however seen to be an
inconsistent process, with Figures 5.17 (b) and (d) showing little vorticity present
above the rotor disk, and imply that re-ingestion of the wake did not always occur
in the °ow-¯eld at this normalised advance ratio. A more detailed analyses of the
re-ingestion process will be provided in a later section (Chapter 6). At present,
these instantaneous plots are su±cient to conclude that the ground e®ect °ow-¯eld
consists of a loop of high magnitude positive vorticity, which is seen to vary in
location and size due to the unsteadiness of the wake. As the normalised advance
ratio is increased and the mean °ow separation occurs closer to the rotor disk, the
loop of positive vorticity was seen to reduce in size. Eventually, it evolves into a
compact ground vortex when °ow separation occurs just under the leading edge of
the rotor disk, as illustrated in the mean vorticity plots presented in Figure 5.12.Chapter 5. Experimental Results 140
5.4.3 Negative Vorticity
Another feature seen from the instantaneous vorticity plots to be prominent in
the ground e®ect °ow-¯eld is the negative vorticity clumps. Much like the posi-
tive vorticity, these were also seen to possess varying magnitudes. Generally, the
further the °ow separation point from the rotor, the lesser the strength of these
negative vorticity clumps. Evidence for this is provided in Figure 5.18 (a), where
the negative vorticity clumps in the °ow ¯eld was seen to be weaker than those
seen in the plots in Figure 5.17. As in the case of the positive vorticity clumps,
the negative vorticity clumps located higher up in the °ow-¯eld also appeared to
be weaker compared to those nearer the ground, and a comparison of the negative
vorticity in the °ow-¯eld shown in Figure 5.18 (b) proves this.
Detailed analyses of the instantaneous vorticity plots presented in Figure 5.17
show the negative vorticity clumps to mainly border the positive vorticity clumps
and the ground plane, beginning from the junction where the rotor tip vortex
system reached the ground and extending along the ground plane until the °ow
separation point. As the positive vorticity clumps form a loop in the recircula-
tion region after leaving the °ow separation point, the negative vorticity clumps
were seen to continue to border the positive vorticity clumps around the outer
edge of the mean recirculation region, with Figure 5.17 (d) providing a good ex-
ample of this. Similar observations were made at the other normalised advance
ratios tested, with a reduction in mean vorticity strength observed at the lower
normalised advance ratio cases (see Figure 5.12). As in the case of the positive
vorticity, the PIV data also showed instances where negative vorticity was present
in the °ow regions near/above the rotor disk. Figures 5.17 (a) and (c) re°ect this
and imply a re-ingestion of the negative vorticity through the rotor disk.
The presence of negative vorticity in the ground e®ect °ow-¯eld, is associated with
a ground boundary layer induced by the rotor wake expanding along the ground.
This wake induced boundary layer will form between the ground plane and the
trailing rotor wake, and will be of opposite vorticity to the tip vortex system in the
wake. While the root vortex system trailed by the rotor blades may be a source
of this negative vorticity in the °ow-¯eld, this is unlikely as the PIV data shows
the root vortex system to be skewed back by the oncoming freestream. DetailedChapter 5. Experimental Results 141
(a) Flow separation at r=R = 2:27 (b) Flow separation at r=R = 2:54
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Figure 5.18: Instantaneous vorticity plots at a normalised advance ratio of
¹¤ = 0:4, when the rotor was quasi-trimmed and the ground moving (Vg=V1 =
1). The rotor was at a ground distance of 1.0R and the mean topological °ow
separation location was at r
R = 2:49.
analyses of the experimental results show the high magnitude negative vorticity
to be present especially around the regions of high magnitude positive vorticity,
trailing along the ground plane. Examples of this can be seen from the intanta-
neous plots in Figure 5.17 and suggests that the passage of the high-magnitude
tip vortices close to the ground plane induces secondary separation of the °ow.
Evidence for this secondary separation was also provided by the °ow visualisation
videos, where the talcum powder particles uplifted near the ground were seen to
swirl in an opposite sense to the rotational sense of the tip vortices (see Figure
3.5). Occurrence of secondary separation along the ground plane has been sug-
gested by Sun through numerical simulations of the ground vortex regime [33].
Through analyses of the PIV results, the formation of the secondary separation in
the °ow-¯eld is attributed to vortex-induced separation caused by the passage of
high vorticity-strength tip vortices close to the ground plane. The resulting veloc-
ity gradients in the °ow, especially in the case of the moving ground con¯guration,
results in the °ow to separate from the ground, forming oppositely signed vorticity.
With most of the tip vortices reaching the separation point before leaving the
ground plane, most of the secondary °ow separation will occur in this region. Ev-
idence for this is provided by the instantaneous vorticity data presented in Figure
5.17, where high magnitude negative vorticity are observed near the °ow separa-
tion point in each plot. As in the case of the tip vortices, these negative vorticityChapter 5. Experimental Results 142
clumps leave the ground plane at the °ow separation location; they border the tip
vortices as they trail into the recirculation region in the °ow-¯eld, and like the
positive vorticity, dissipate as they age. This explains the lower magnitudes of
the negative vorticity located higher up in the instantaneous °ow-¯eld, away from
the ground plane. Wide-spread distribution of vorticity in the °ow-¯eld have also
been observed from the instantaneous °ow data; an example of such an instance is
shown in Figure 5.18 (b), where vorticity is seen to be distributed throughout the
imaged ¯eld-of-view. A probable explanation for this may be the mutual induction
e®ects (similar to interactions between counter-rotating vortices which causes an
acceleration of the vorticies in the °ow direction) caused by the close proximities
of positive and negative vorticies in the °ow-¯eld, which can cause vorticity to
reach °ow regions far above the ground plane.
While PIV results from the moving ground con¯guration tests show the pres-
ence of the negative vorticity clearly in the ground e®ect wake, past quantitative
experimental investigations conducted by other researchers have not revealed the
presence of this negative vorticity in the °ow-¯eld. PIV experiments conducted by
Ganesh et. al [36] and Boer et. al [35] of the ground vortex regime do not show
this secondary separation or the presence of negative vorticity within the °ow-
¯eld. One similarity between these experiments, was the use of a static ground
plane during the tests. With the experimental results from this research showing
the negative vorticity in the mean °ow-¯eld produced by the stationary ground
con¯guration to be less prominent than that produced by the moving ground con-
¯guration (Section 5.2.2.2), the di®erence in the ground boundary con¯gurations
will be a contributing factor to the secondary separation and negative vorticity not
being observed in the °ow-¯eld of past ground e®ect experiments. Other factors
such as the lower resolution of the PIV system used during those tests may have
also contributed to the accuracy of the results obtained from those tests.
5.5 Flow Unsteadiness
Instantaneous PIV data have also provided an indication of the unsteadiness asso-
ciated with the ground e®ect wake. Most obvious from the instantaneous vorticity
data were the °uctuations of the °ow separation positions along the ground planeChapter 5. Experimental Results 143
at each normalised advance ratio tested. Examples presented in Figure 5.17 show
°ow separation in each individual plot to occur at a slightly di®erent location com-
pared to the mean separation point location, derived from the mean velocity data.
Analyses of the instantaneous PIV data at all normalised advance ratios showed
similar °uctuations of the separation point and conclusively prove the unsteady
nature of the ground e®ect wake. The degree of the separation point °uctuations
was however seen to vary with normalised advance ratios and was seen to result in
changes in the distribution of vorticity in the instantaneous ground e®ect °ow-¯eld.
An attempt was made to quantify the °ow separation point °uctuations observed
in the ground e®ect wake at the di®erent normalised advance ratios. Figure 5.19
presents histograms showing the positions of the instantaneous topological °ow
separation points and the corresponding mean topological °ow separation point
location derived from the mean PIV velocity data, for selected normalised advance
ratio cases where the rotor was quasi-trimmed and operated at a ground distance
of 1:0R with the moving ground con¯guration (Vg=V1 = 1). The histograms rep-
resent the individual °ow separation locations, measured from the 120 PIV images
recorded at each normalised advance ratio. As in the previous analyses, the °ow
separation location was topological and identi¯ed from the PIV velocity data at
the point where the u-velocity component close to the ground plane was zero.
Analyses of the histograms presented in Figure 5.19 show varying trends in the
spread of the separation point °uctuations at the di®erent normalised advance
ratios. Comparisons between the di®erent frames in Figure 5.19 indicate a greater
°uctuation amplitude at the lower advance ratios compared to the higher advance
ratios, where a compact vortex was observed under the rotor disk. Figure 5.19 (a)
presenting the data from ¹¤ = 0:4, shows most °uctuations of the sample separa-
tion points to be within 0.05R of the mean separation location, although instances
where large amplitude deviations from the mean separation point location were
also seen to occur in the °ow-¯eld, as indicated by the histogram bin present at
r
R ¼ 2. At the higher normalised advance ratio of ¹¤ = 0:52, indicated by Figure
5.19 (b), no large scale deviations from the mean appeared in the °ow. Instead,
the °uctuations were observed to be more moderate about the mean and ranging
from 1:6 < r
R < 2:3. At ¹¤ = 0:66, the separation point °uctuations, presented in
Figure 5.19 (c), appeared to be least, ranging from 1:0 < r
R < 1:5, with more thanChapter 5. Experimental Results 144
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1 1.5 2 2.5 3
0
10
20
30
40
50
60
70
80
90
100
Topological separation point location, r/R
c
o
u
n
t
,
 
%
 
 
Instantaneous
mean
(c) Rotor at¹¤ = 0:66
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Figure 5.19: Spread of the instantaneous °ow separation point locations in
the recorded PIV sample, for a range of normalised advance ratios (¹¤), with the
rotor quasi-trimmed and at a ground distance of 1:0R and the ground moving
(Vg=V1 = 1). Frames also present the mean °ow separation position derived
from the average PIV data.Chapter 5. Experimental Results 145
60% of the sample separation points within 0.05R of the mean separation loca-
tion. In this case, the separation point location of the °ow seemed to be steadier,
and the instantaneous vorticity plots showed the resulting ground vortex to form
in an almost similar location for all the recorded instances. Similar trends were
also observed for the stationary ground con¯guration and the interested reader is
referred to Appendix C.3 for further information.
This statistical analyses of the °ow separation point locations, although inadequete
to conclude on the overall distribution of the separation positions for the sample
set (due to the small sample size), indicates the relative steadiness of the ground
e®ect wake at di®erent normalised advance ratios. Greatest wake °uctuations were
observed at the lower normalised advance ratios, where the °ow-¯eld showed large
amplitude deviations of the separation points. The °uctuations appeared more
moderate around the mean as the normalised advance ratio was increased, with
the wake appearing to be the most steady when the °ow separation occurred close
to the leading edge of the rotor disk. Variations in the separation point locations,
especially at the lower normalised advance ratios where the mean recirculation
region occurred ahead of the rotor disk, may contribute to the di®erences in the
location of the loop of positive vorticity within the recirculation region; evidence
for this was seen from the instantaneous °ow data discussed in the previous section.
This in turn can a®ect the location of the tip vortices and their eventual trajectories
within the °ow-¯eld and in°uence the velocity °uctuations experienced within the
wake.
5.5.1 Root-mean-square Velocity Fluctuations
Insights into the velocity °uctuations experienced in the ground e®ect °ow-¯eld
can be obtained by considering the root-mean-square (RMS) velocity °uctuations.
Figure 5.20 shows the contour plots of the RMS °uctuations of the local velocity
about the local mean, non-dimensionalised with respect to the hover induced ve-
locity, Vh. RMS data obtained from tests conducted with the quasi-trimmed rotor
at a ground distance of 1.0R and a moving ground con¯guration (Vg=V1 = 1) are
presented in this ¯gure for a range of normalised advance ratios, and have been
derived from the u and v velocity components measured from the PIV. Where
present, the rotor disk location on the plots is represented by a white line; theChapter 5. Experimental Results 146
plots provide useful insights into the magnitude and extent of velocity °uctua-
tions experienced in the °ow-¯eld.
The RMS plots presented in Figure 5.20 show the velocity °uctuations experienced
in the ground e®ect wake to increase and become con¯ned within smaller areas
of the °ow-¯eld as the normalised advance ratio was increased. Comparisons of
the RMS velocity plots with mean vorticity plots presented in Figure 5.12 showed
the locations of the velocity °uctuations to coincide with the location of the mean
recirculation zone. At the lower normalised advance ratios, where the mean °ow
separation occurred far upstream from the rotor and the resulting mean recircula-
tion region encompassed a large proportion of the °ow-¯eld upstream of the rotor,
the RMS °uctuations appeared to a®ect a greater proportion of the imaged °ow-
¯eld. Figure 5.20 (a) provides a good example of this, and shows the °ow-¯eld
ahead of the rotor disk, in the region of the mean recirculation, a®ected by high
magnitude °uctuations. Regions of the °ow-¯eld higher than the rotor distance
from the ground, were also seen to possess low magnitude velocity °uctuations of
around 0:2Vh, indicating that °ow regions beyond the recirculation zone were af-
fected by weak velocity °uctuations. Similar results were observed from other low
normalised advance ratio tests where the mean recirculation zone was seen to form
upstream of the rotor disk. As the normalised advance ratio was increased, higher
magnitude velocity °uctuations were seen to occur in the wake, although these
were con¯ned to within smaller regions of the °ow-¯eld. Figure 5.20 (d) shows the
velocity °uctuations to be con¯ned to the region where the ground vortex was lo-
cated, with no signi¯cant velocity °uctuations observed elsewhere in the °ow-¯eld.
Both the Large Rotor test results presented here and those obtained from the
Preliminary PIV investigations presented in Chapter 4, show similarities in the
con¯nement of the velocity °uctuations to smaller areas of the °ow-¯eld at higher
advance ratios, although di®erences in the distribution of the velocity °uctuations
within these regions were observed between the results. This can be attributed to
the di®erences in the experimental ground boundary con¯gurations between the
two tests. (Similar di®erences were also observed for the stationary ground con¯g-
uration tests conducted with the Large Rotor and this is presented in Appendix
C.3.1.) Plots presented in Figure 5.20 show the peak RMS °uctuations to occur
within the mean recirculation zone, broadly coinciding with the location of the loopChapter 5. Experimental Results 147
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Figure 5.20: RMS velocity °uctuations at a range of normalised advance ratios
with the rotor quasi-trimmed and the rolling road moving (Vg=V1 = 1). The
rotor was at a ground height of 1.0R and the RMS velocity °uctuations are
normalised with Vh.
of high magnitude positive vorticity, observed in the mean vorticity plots. This
can be seen clearly from Figure 5.20 (c), where the highest velocity °uctuations
were seen under the rotor disk, along the ground plane and in a loop-like trajectory
within the mean recirculation zone. With the highest magnitude positive vorticity
present in these regions, these RMS plots can thus be used to conclude that the
velocity °uctuations observed in the °ow-¯eld are associated with the presence of
vorticity in the °ow-¯eld. High magnitudes of the °uctuations in these regions
provide further evidence that the likely cause of these RMS velocity °uctuations
were the large scale °uctuations of the °ow structures, rather than small scale
°uctuations associated with turbluence in the °ow-¯eld. Instantaneous vorticity
plots presented in Figure 5.17 show continuous variations in the locations of the
high magnitude positive vortices along the ground plane and within the loop-like
structure in the mean recirculation region, and imply this to be the most likely
source of the RMS velocity °uctuations observed in the °ow-¯eld.
Based on these observations, the presence of velocity °uctuations beyond the mean
recirculation regions observed from Figures 5.20 (a) - (c), imply vorticity distri-
bution beyond the mean recirculation region to occur in the ground e®ect wakeChapter 5. Experimental Results 148
at the lower normalised advance ratios, where the °ow separation results in the
mean recirculation region to form upstream of the rotor disk leading edge. The low
magnitudes of these °uctuations imply that vorticity is not consistently present in
these °ow regions and re°ect the unsteady nature of the ground e®ect °ow-¯eld.
With the RMS velocity data from the °ow-¯eld containing a compact ground vor-
tex under the rotor disk showing little velocity °uctuations above the rotor disk (
Figures 5.20 (d)), this data can be used to conclude that the unsteadiness in the
ground e®ect wake was more signi¯cant at the lower normalised advance ratios,
where °ow separation occurred far upstream of the rotor disk leading edge.
5.6 Investigations of cross-°ow velocity compo-
nents in the ground e®ect wake
Observations of the dust particles in the preliminary °ow visualisation experi-
ments, implied a highly three-dimensional and unsteady wake. While both the
separation point and RMS velocity °uctuations presented in the previous section
provide an indication of the unsteadiness of the wake along the longitudinal plane
through the rotor hub, they do not account for the cross-°ow velocity components
a®ecting the °ow-¯eld. To measure the cross-°ow velocities within this plane,
Stereoscopic (stereo) PIV tests were conducted with the Large Rotor, in the same
wake regions as the 2D2C PIV tests and for the same experimental con¯gurations.
Two cameras, arranged in the angular displacement Stereoscopic PIV set-up, were
used to obtain three-component velocity (u;v;w) information from the (r;y) plane
of the wake. Figure 5.21 illustrates the experimental set-up in the wind tunnel
and shows the coordinate system adopted for this analysis. As was the case in the
2D2C PIV tests, the (r;y;z) coordinate system, with its origin at the rotor hub
and the rotor leading edge blade tip at the position ( r
R;
y
R) = (1;0) was used.
The cross-°ow velocity component, w, re-constructed from the stereoscopic PIV
data is presented in this dissertation as contour diagrams, to allow for a distinction
in the direction and magnitudes associated with the cross-°ow. Negative contour
levels signify a °ow away from the reader (into the page) and positive contour
levels represent a °ow towards the reader (out of the page). The rotational sense
of the rotor mean that in these contour plots, the rotor blade tip moves into theChapter 5. Experimental Results 149
Figure 5.21: Illustration showing the direction sense of the cross-°ow velocity
component, w, derived from the stereoscopic PIV experiments. The sense of the
(r;z) coordinate system is shown, with the y coordinate out of the page. The
origin of the coordinate system is at the rotor hub.
page. In addition to the longitudinal plane of symmetry through the centre of
the rotor hub, other planes were considered, to investigate the three-dimensional
properties of the ground e®ect wake. Two other longitudinal planes, 0:3R, either
side of the longitudinal plane of symmetry, were investigated and the locations of
these planes are also shown in Figure 5.21. Optical access di±culties meant that
the transverse plane, across the width of the wind tunnel working section, could
not be investigated with the stereo PIV set-up.
5.6.1 Stereo PIV Data Validity
Veri¯cation of the stereo PIV data was conducted during the PIV set-up process.
A range of uniform freestream tests were conducted with the stereo PIV and these
were used to benchmark the accuracy of the stereo PIV set-up. Through these
experiments, it was established that there were no velocity gradients present in
the cross-°ow measurements across the imaged ¯eld-of-view.Chapter 5. Experimental Results 150
(a) 2D2C PIV: Mean Velocity (b) Mean Vorticity
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Figure 5.22: Mean velocity and vorticity plots obtained from the 2D2C PIV
and Stereo PIV tests, for a normalised advance ratio of ¹¤ = 0:66. In these
cases, the rotor was quasi-trimmed and at a ground distance of 1.0R and was
operated with the ground moving (Vg=V1 = 1).
Further veri¯cation of the stereo PIV results were conducted by comparing the
stereo PIV data to results obtained from the 2D2C PIV tests. An example of this
is provided in Figure 5.22, taken from tests done at a normalised advance ratio of
¹¤ = 0:66. Comparisons of the data from both sets of experiments show similarities
in terms of the mean velocity magnitudes, vorticity strengths and locations of the
main ground e®ect °ow features, and these validate the Stereo PIV results.
5.6.2 Mean cross-°ow velocity in the ground e®ect wake
Stereo PIV tests conducted with the Large Rotor allowed for three-component
velocity measurements from wide areas of the ground e®ect °ow-¯eld. Figure
5.23 presents contour plots showing the mean velocity magnitudes derived from
the three-component velocity measurements and the corresponding mean w, the
cross-°ow velocity component in the ground e®ect °ow-¯eld, for a range of nor-
malised advance ratios, with the quasi-trimmed rotor at a ground distance of 1:0R
and the ground moving (Vg=V1 = 1). All the velocity plots are scaled with respect
to the hover induced velocity (Vh = 3:6ms¡1). Where possible, tests at normalisedChapter 5. Experimental Results 151
advance ratios, similar to those presented in Figure 5.12 were chosen, to allow for
direct comparisons between the velocity and vorticity data from the °ow-¯eld.
Artefacts, resulting from the overlapping of the camera systems' large chip sizes
and the scheimp°ug adaptors, are noticeable at the extreme left and right edges
of the Stereo PIV data, and are particularly visible in the w-component velocity
plots; these are ignored during the analysis of the data.
Figure 5.23 shows the mean velocity magnitudes in the ground e®ect wake to
progressively increase with normalised advance ratio. With the exception of the
velocities associated with the trailing tip vortices under the rotor disk, an example
shown in Figure 5.23 (e), the surrounding °ow-¯eld was seen to contain relatively
low magnitude mean velocity. The highest velocity magnitudes associated with
the ground e®ect wake were seen just above the ground plane and a comparison
with corresponding vorticity data show this to coincide with the trailing rotor
wake expanding along the ground plane. With the tip vortices becoming more
dissipated as they trailed along the ground, the mean velocity magnitudes were
seen to become progressively lower. This explains the weaker velocity magnitudes
observed along the ground plane at the lower normalised advance ratios, as is seen
from Figure 5.23. With °ow separation occurring closer to the rotor disk at higher
normalised advance ratios, the vortices reaching the recirculation region remain
relatively younger, thus resulting in greater velocity magnitudes to be experienced
within the °ow-¯eld. Similar observations were made from the other experimental
con¯gurations tested (presented in Appendix C.4.1), although signi¯cantly higher
velocity magnitudes were observed in the wake with the moving ground boundary
con¯guration (Vg=V1 = 1) cases presented here.
Di®erences in the velocity magnitudes in the wake brought about by the di®er-
ent ground boundary con¯gurations imply that during experimental testing of the
brownout phenomenon, the ground boundary con¯guration will have an impli-
cation on the quantity of dust picked up from the ground. With the PIV data
showing velocities along the ground plane to be higher, the moving ground con-
¯guration (Vg=V1 = 1) is expected to cause more dust particles to be uplifted
from the ground plane, resulting in bigger dust cloud sizes. These results further
re-iterate the importance of re-creating accurate ground boundary conditions dur-
ing ground e®ect testing, as they are seen to have a direct e®ect on the velocityChapter 5. Experimental Results 152
magnitudes experienced in the °ow-¯eld.
Mean cross-°ow (w) velocities, associated with the ground e®ect wake at the dif-
ferent normalised advance ratios are also presented in Figure 5.23. Negative cross-
°ow velocities visible beneath the rotor disk, as shown in Figures 5.23 (f) and (h),
correspond to the locations of the trailing rotor tip vortex system and represent
the axial velocities associated with the tip vortices. With the rotor blade tip at
( r
R;
y
R) = (1;0) moving into the page (anti-clockwise rotating rotor system), the
cross-°ow (axial) velocity within the tip vortices follows the rotational sense of the
rotor [91], and is negative. Synchronisation of the laser with the rotor azimuth
allowed for measurements of the axial velocity in the mean PIV data, although its
accuracy may be a®ected by smearing e®ects caused by vortex wandering [92, 93].
The mean °ow information however indicate the cross-°ow velocities associated
with the axial velocities of the tip vortices (under the rotor disk) to be the highest
observed in the ground e®ect °ow-¯eld, with the mean cross-°ow velocities signif-
icantly lower everywhere else in the °ow-¯eld.
Analysis of the stereo PIV data showed the mean cross-°ow velocities associated
with the ground e®ect °ow features at all the normalised advance ratios tested
to be of small magnitudes, with the highest mean cross-°ow velocity magnitudes
of around w = 0:2Vh, recorded at the highest normalised advance ratios tested.
(Slightly higher cross-°ow velocity magnitudes were observed for the stationary
ground con¯guration tests and the interested reader is referred to Appendix C.4.1
for further information.) For the moving ground con¯guration (Vg=V1 = 1), most
of the °ow-¯eld was seen to contain very little cross-°ow, with Figures 5.23 (b)
and (d) providing good examples of this. In these cases, a region of low negative
cross-°ow velocity was noticed along the ground plane, up to the mean °ow sep-
aration point location. These regions of negative cross-°ow velocity consistently
appeared in the °ow-¯eld at all the normalised advance ratios, and are associated
with the axial velocities of the tip vortices tracking along the ground plane. Besides
this, the data showed the appearance of a region of very low magnitude cross-°ow
(w ¼ ¡0:1Vh) in the °ow-¯eld, as the normalised advance ratio was increased.
Figure 5.23 (d) shows traces of this region of negative cross-°ow in the °ow-¯eld,
around ( r
R;
y
R) = (1:7;¡0:5), and a comparison with the mean vorticity plot for
this case (Figure 5.12 (c)) showed this region to be broadly coincident with theChapter 5. Experimental Results 153
mean recirculation region observed in the °ow-¯eld. As the normalised advance
ratio was increased, this region of mean negative cross-°ow in the °ow-¯eld was
seen to become more prominent, as shown in Figures 5.23 (f) and (h).
In addition to the appearence of a region of mean negative cross-°ow, the °ow-¯eld
at the higher normalised advance ratios, presented in Figures 5.23 (f) and (h), also
showed the appearence of regions of weak positive cross-°ow velocity. Figure 5.23
(f) shows the region of mean negative cross-°ow around ( r
R;
y
R) = (1:1;¡0:7), and a
patch of positive cross-°ow upwards and to its right at around ( r
R;
y
R) = (1:4;¡0:5),
and a smaller patch of positive cross-°ow to its lower left. Figure 5.23 (h) shows
similar regions of positive cross-°ow velocities, although in this case, the patch
of positive cross-°ow to the lower left of the region of negative cross-°ow appears
close to the artefact in the image and hence is a®ected by erroneous data. The
appearence of these regions of positive cross-°ow in the °ow-¯eld was seen to co-
incide with the appearence of the ground vortex under the rotor disk and was not
visibile at the lower normalised advance ratios, where larger mean recirculation
zones were present in the °ow-¯eld upstream of the rotor disk leading edge. Simi-
lar observations were made from the °ow-¯eld produced by the stationary ground
con¯guration (presented in Appendix C.4.1), with the cross-°ow magnitudes seen
to be signi¯cantly higher due to the smaller dispersion of vorticity within the °ow-
¯eld (discussed in section 5.2.2.3).
The presence of these regions of positive cross-°ow when a ground vortex forms
under the rotor disk may be associated with the jet velocity caused by the tip
vortices as they roll up to form the ground vortex. With the locations of these
regions of positive cross-°ow however not coinciding with the location of the ground
vortex, and the °ow-¯eld showing the presence of a region of negative cross-°ow
nearby, further investigations possibly at several other longitudinal planes need to
be conducted before the presence of a jet °ow in the °ow-¯eld can be established.
With the mean °ow data generally indicating very low magnitude cross-°ows in
the ground e®ect °ow-¯eld, especially at the lower normalised advance ratios,
instantaneous PIV data was consulted to identify any signi¯cant features in the
instantaneous cross-°ow velocity maps.Chapter 5. Experimental Results 154
(a) ¹¤ = 0:4: Velocity Magnitude (b) w-velocity component
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(c) ¹¤ = 0:51: Velocity Magnitude (d) w-velocity component
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(e) ¹¤ = 0:67: Velocity Magnitude (f) w-velocity component
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(g) ¹¤ = 0:75: Velocity Magnitude (h) w-velocity component
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Figure 5.23: Mean velocity plots showing the velocity magnitudes and mean
cross-°ow (w) velocity in the °ow-¯eld, for a range of normalised advance ratios.
In these cases, the rotor was quasi-trimmed and at a ground distance of 1.0R
and was operated with the ground moving (Vg=V1 = 1).Chapter 5. Experimental Results 155
5.6.3 Instantaneous cross-°ow velocity in the ground e®ect
°ow-¯eld
While the mean cross-°ow velocity maps of the ground e®ect °ow-¯eld suggested
very little cross-°ow present in the wake, analysis of the instantaneous plots showed
more signi¯cant cross-°ow velocity magnitudes to exist in the °ow-¯eld. Signi¯-
cant variations in these cross-°ow velocity magnitudes, observed to occur at each
time instant, were seen to result in the low magnitude averages observed in the
mean cross-°ow velocity plots. With Figure 5.23 showing the mean cross-°ow ve-
locity to be broadly coincident with the mean vorticity regions seen in Figure 5.12,
a comparison between the instantaneous cross-°ow velocity and vorticity data ob-
tained from the °ow-¯eld was performed to identify any correlation between the
vorticity and cross-°ow velocity locations in the °ow-¯eld. These comparisons
however, showed little correlation between the vorticity and cross-°ow velocity
seen in the °ow-¯eld.
As an example, instantaneous cross-°ow velocity contour plots for a normalised
advance ratio of ¹¤ = 0:51 and their corresponding instantaneous vorticity plots
are presented in Figure 5.24. Figures 5.24 (b) and (d), presenting two instances
of the °ow-¯eld, show signi¯cant di®erences in the cross-°ow velocity components
measured in the °ow-¯eld, and provide evidence of the constantly varying cross-
°ow velocity in the instantaneous °ow-¯eld. A comparison between corresponding
vorticity and cross-°ow velocity plots also showed little correlation. As an exam-
ple, the track of negative vorticity seen in Figure 5.24 (a), extending from the
ground plane at the separation point location at r
R ¼ 2:0, is seen to correspond
closely to the location of negative cross-°ow velocity seen on the cross-°ow (w)
velocity plot shown in Figure 5.24 (b). The plot also shows a wide region of high
magnitude negative cross-°ow velocity present around ( r
R;
y
R) = (1:6;¡0:5), and
this is seen to be broadly coincident with the positive vorticity observed within
the same region, seen in Figure 5.24 (a). Similar observations were made through
a comparison of Figures 5.24 (b) and (d) and highlight the di±culty in correlating
the vorticity and cross-°ow velocity locations from the instantaneous ground e®ect
°ow-¯eld. Stereo PIV results from the other experimental con¯gurations tested
showed similar results and a summary of this is provided in Appendix C.4.2.Chapter 5. Experimental Results 156
Information gathered from the investigations of the instantaneous cross-°ow ve-
locity component in the ground e®ect wake imply a constantly changing °ow-¯eld.
Close proximities of the oppositely signed vorticity regions, which result in very
complex °ow patterns with very tightly woven vortex lines, and the re-orientation
of the vortices as they enter the °ow-¯eld make the relationship between the vor-
ticity and cross-°ow velocities di±cult to quantify. With the positive vorticity
populating the instantaneous °ow-¯eld sourced mainly from the rotor tip vortex
system, it is reasonable to expect the cross-°ows to follow the rotational sense
of the rotor. Positive vortex remnants of the tip vortices seen in the °ow-¯eld
would however be thousands of revolutions old. With research and experiments
showing the axial velocities associated with rotor tip vortices to fall by over 50%
within half a rotor revolution [94{96], the cross-°ow velocities associated with the
tip vortices seen in the °ow-¯eld will be low. With inter-woven regions of positive
and negative cross-°ow velocities observed throughout the °ow-¯eld, regardless of
the positive (and negative) vorticity locations, these instantaneous velocity plots
suggest signi¯cant lateral °ow present within the ground e®ect wake, providing an
indication of its unsteadiness. Although no correlation between the positive and
negative vorticity and the positive and negative cross-°ow velocity components
(a) ¹¤ = 0:51: Vorticity (b) w-velocity component
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(c) Instantaneous vorticity (d) w-velocity component
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Figure 5.24: Instantaneous vorticity and cross-°ow (w) velocity component
plots, with the rotor at the ground distance of 1.0R. In these cases, the rotor
was quasi-trimmed and was operated with the ground moving (Vg=V1 = 1), at
a normalised advance ratio of ¹¤ = 0:51.Chapter 5. Experimental Results 157
could be established, the instantaneous °ow data suggest the cross-°ow velocity
locations to broadly coincide with the regions of vorticity as is re°ected in the
mean vorticity and cross-°ow velocity data. .
5.6.4 Cross-°ow Velocity Fluctuations
Unsteadiness associated with the ground e®ect wake is better represented by con-
sidering the root-mean-square (RMS) velocity °uctuations. Plots associated with
a range of normalised advance ratios tested with the quasi-trimmed rotor at a
ground distance of 1:0R and the moving ground con¯guration (Vg=V1 = 1) are
presented in Figure 5.25. In addition to the cross-°ow (w) RMS °uctuations, the
total RMS velocity °uctuations, derived from three-component velocity measure-
ments of the wake, are also presented to quantify the unsteadiness in the °ow-¯eld.
Similar ¯gures for the other experimental con¯gurations tests are presented in Ap-
pendix C.4.3 for reference.
Comparisons between the total RMS velocity °uctuations and the cross-°ow RMS
°uctuations in the °ow-¯eld revealed the peak cross-°ow °uctuations to occur in
the regions of the wake where the overall peak velocity °uctuations were observed.
This was seen from Figure 5.25 to occur within the mean recirculation region, at
all the normalised advance ratios tested. As was the case with the two-dimensional
RMS velocity °uctuation data, presented in Figure 5.20, the total RMS velocity
°uctuations were seen to a®ect large proportions of the ground e®ect °ow-¯eld,
owing to the bigger mean recirculation regions forming upstream of the rotor disk,
at low normalised advance ratios. Accordingly, the cross-°ow velocity °uctuations
were also seen from Figure 5.25 to a®ect wider areas of the °ow-¯eld, with regions
as high as the rotor distance from the ground a®ected by low magnitude cross-°ow
velocity °uctuations. At higher normalised advance ratios, where the °ow separa-
tion occurred under the rotor disk, the cross-°ow velocity °uctuations were seen to
be con¯ned within smaller regions of the °ow-¯eld, coinciding with the location of
the ground vortex formed under the rotor disk. Similarities in the locations of the
peak cross-°ow velocity °ucuations and the high magnitude vorticity associated
with the tip vortices present in the °ow-¯eld imply that the cross-°ow velocity
°uctuations are associated with the vorticity present in the ground e®ect wake.Chapter 5. Experimental Results 158
(a) ¹¤ = 0:4: RMS Velocity Magnitude (b) RMS w-component
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(c) ¹¤ = 0:51: RMS Velocity Magnitude (d) RMS w-component
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(e) ¹¤ = 0:67: RMS Velocity Magnitude (f) RMS w-component
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(g) ¹¤ = 0:75: RMS Velocity Magnitude (h) RMS w-component
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Figure 5.25: RMS velocity °uctuations showing the total velocity °uctuations
and the cross-°ow (w) velocity °uctuations experienced in the °ow-¯eld. In
these cases, the rotor was quasi-trimmed and at a ground distance of 1.0R and
was operated with the ground moving (Vg=V1 = 1).Chapter 5. Experimental Results 159
Instantaneous cross-°ow velocity vector maps, presented in Figure 5.24 showed
°ow regions coinciding within the mean recirculation region to be a®ected by sig-
ni¯cantly di®erent cross-°ow velocities at each instant. These observations support
the cross-°ow (w) RMS velocity °uctuation plots presented in Figure 5.25, which
show the peak °uctuations to occur within the mean recirculation region of the
ground e®ect °ow-¯eld. With the mean cross-°ow velocity maps revealing low
mean cross-°ow velocities in the °ow-¯eld, at most of the normalised advance ra-
tios tested, high cross-°ow °uctuations within the wake suggested large cross-°ow
velocity deviations from the mean. To investigate this, the instantaneous cross-
°ow velocity, at a selected location in the °ow-¯eld was measured from the PIV
at a particular normalised advance ratio.
Figure 5.26 presents the cross-°ow velocity component measured from 120 PIV im-
age samples, with the rotor operated at a normalised advance ratio of ¹¤ = 0:51.
Instantaneous cross-°ow velocity data from the point ( r
R;
y
R) = (2:13;¡0:6), was
plotted, together with the mean cross-°ow velocity calculated from the °ow-¯eld,
to indicate the magnitudes of the velocity deviations. The chosen location in the
°ow-¯eld is indicated in the respective mean cross-°ow velocity (Figure 5.23(d))
and w-component RMS velocity (Figure 5.25(d)) plots, and was seen to possess
a high cross-°ow velocity °uctuation magnitude, with a mean value close to zero.
Figure 5.26 shows the data sample to contain high velocity deviations from the
mean, with peak-to-peak °uctuations calculated to be around 1:6Vh; in physical
terms, this corresponds to around 5:6ms¡1, and demonstrates the large cross-°ow
velocity °uctuations experienced in the wake. Signi¯cant variations in cross-°ow
velocities observed in the wake substantiates the appearence (and disappearence)
of clusters of talcum powder particles observed from the talcum powder °ow vi-
sualisation experiments. Furthermore, observations of low magnitude cross-°ow
°uctuations in °ow regions above the rotor further imply the occassional presence
of vorticity in these regions, substantiating the intermittent expansion of the dust
cloud observed in the °ow visualisation of the brownout dust cloud and provide
evidence for a three-dimensional, highly unsteady wake.Chapter 5. Experimental Results 160
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Figure 5.26: Deviations of the cross-°ow velocity component from the mean
cross-°ow at the point ( r
R;
y
R) = (2:13;¡0:6) in the °ow-¯eld. The rotor was
quasi-trimmed and at a ground distance of 1.0R and operated at a normalised
advance ratio of ¹¤ = 0:51 and the ground was moving (Vg=V1 = 1).
5.6.5 Ground e®ect wake symmetry
To investigate the symmetry of the ground e®ect wake, stereoscopic PIV tests
were conducted at two di®erent longitudinal planes, approximately 0.3R either
side of the rotor longitudinal plane of symmetry. Figures 5.27 and 5.28 present
the mean vorticity and mean cross-°ow velocity data at the di®erent longitudinal
planes, for a case where the quasi-trimmed rotor was operated at the normalised
advance ratio of ¹¤ = 0:51, at a ground distance of 1:0R, and the ground moving
(Vg=V1 = 1) . Frame (a) in both ¯gures show the mean vorticity and mean cross-
°ow velocity components measured in the longitudinal plane of symmetry along
the rotor hub. Frame (b) represents the °ow-¯eld in the plane 0.3R behind the
rotor hub, while frame (c) corresponds to the °ow-¯eld in the plane 0.3R ahead of
the rotor hub. All the plots were sized with respect to the plane along the rotor
longitudinal plane of symmetry, to allow for easy comparisons between the tests.
Analysis of the mean vorticity plots shown in Figure 5.27 show the mean recir-
culation region to be of similar size and contain similar vorticity magnitudes to
the central plane shown in frame (a). Comparisons of the location of the mean
topological °ow separation point locations showed a 0:1R shift in the separationChapter 5. Experimental Results 161
(a) Plane along the rotor hub
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(b) 0.3R behind (c) 0.3R forward
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Figure 5.27: Mean vorticity plots at the three di®erent longitudinal planes in-
vestigated. In these cases, the rotor was quasi-trimmed and at a ground distance
of 1:0R and was operated with the ground moving (Vg=V1 = 1) at a normalised
advance ratio of ¹¤ = 0:51. Frame (a) corresponds to the longitudinal plane of
symmetry along the rotor hub, frame (b) corresponds to the plane 0.3R aft of
the rotor hub and frame (c) corresponds to the plane 0.3R infront of the rotor
hub.
point location closer to the rotor disk, compared to the central plane. Both o®-
axis planes showed shifts of comparable magnitudes, implying the formation of
a parabolic ground interaction boundary around the front end of the rotor disk,
similar to observations made by Boyd and Kusmarwanto [28, 29].
While the mean vorticity regions were not observed to vary signi¯cantly between
the di®erent longitudinal planes, some detailed changes in the relative positions
and magnitudes of the cross-°ow velocity components were observed. Compared
with the central longitudinal plane of symmetry shown in Figure 5.28 (a), Figure
5.28 (b) shows the longitudinal plane behind the rotor hub to contain intensi¯ed
regions of negative mean cross-°ow velocity close to the ground, with a signi¯cant
portion of the °ow-¯eld a®ected by low magnitude negative cross-°ow. Figure 5.28
(c) shows the °ow near the ground plane to contain positive cross-°ow velocities,
while signi¯cant proportions of the °ow-¯eld (except the mean recirculation zone)
were seen to contain weak positive cross-°ow. Analyses of the cross-°ow velocityChapter 5. Experimental Results 162
(a) Plane along the rotor hub
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(b) 0.3R behind (c) 0.3R forward
r/R
y
/
R
 
 
1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
Freestream
r/R
y
/
R
 
 
1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
Freestream
Figure 5.28: Mean cross-°ow (w) velocity plots at the three di®erent longitu-
dinal planes investigated. In these cases, the rotor was quasi-trimmed and at a
ground distance of 1:0R and was operated with the ground moving (Vg=V1 = 1)
at a normalised advance ratio of ¹¤ = 0:51. Frame (a) corresponds to the lon-
gitudinal plane of symmetry along the rotor hub, frame (b) corresponds to the
plane 0.3R aft of the rotor hub and frame (c) corresponds to the plane 0.3R
infront of the rotor hub.
data imply the presence of a horse-shoe vortex in the ground e®ect wake, although
more tests at other longitudinal planes need to be conducted to characterise this
horse-shoe vortex. PIV experiments conducted along the transverse plane across
the wind tunnel width would have provided further information about the sym-
metry of the ground e®ect wake and the horse-shoe vortex, but optical access
di±culties meant that these experiments could not be conducted in this research.
5.7 Summary
PIV investigations of wide regions of the ground e®ect °ow-¯eld were conducted
using the Large Rotor model. Three-component velocity information was mea-
sured from a two-dimensional slice of the °ow-¯eld, along the longitudinal plane
of symmetry of the rotor disk, to quantify the ground e®ect °ow-¯eld. The design
of the Large Rotor model and the use of a rolling road in the wind tunnel allowed
for a range of rotor trim and ground boundary con¯gurations to be tested, andChapter 5. Experimental Results 163
their in°uences on the °uid mechanics of the wake characterised.
Variations in rotor trim settings were seen to only cause small changes in the
mean °ow separation locations, with the quasi-trimmed rotor seen to cause a 0:1R
shift in the mean °ow separation point closer to the rotor disk plane, compared
to results from the untrimmed rotor con¯guration. Investigations of the detailed
°ow features and the velocity °uctuations associated with the °ow-¯eld showed
no signi¯cant changes caused by this shift in mean °ow separation location. The
quasi-trim state of the rotor de¯ned for these experiments was attained by con-
sidering only the vertical forces and associated moments acting on the rotor rig.
While trimming of the side force acting on the rig may result in a further shift in
the °ow separation location, it is not expected to cause changes to the detailed
structures of the ground e®ect °ow-¯eld.
Changes in ground boundary con¯gurations were seen to signi¯cantly a®ect the
ground e®ect wake, with prominent changes in °ow separation locations, perfor-
mance and detailed °ow features. The moving ground boundary con¯guration
(Vg=V1 = 1) was seen to cause mean °ow separation to occur 0:5R closer to the
rotor disk compared to the stationary ground con¯guration (Vg=V1 = 0) cases.
Lateral cyclic pitch adjustments required to trim the rotor also showed di®erences,
with only the moving ground con¯guration cases resulting in cyclic inputs similar
to that observed from helicopter °ight data in ground e®ect. Additionally, the
moving ground con¯guration was also seen to cause vorticity associated with the
trailing tip vortex system to follow a loop like tajectory into the recirculation re-
gion. This was unlike the stationary ground con¯guration cases, where the high
magnitude vorticity was seen to accumulate near the centre of the mean recircu-
lation zone. With the varying ground boundary con¯gurations having an e®ect
on the trajectories of the tip vortices entering the °ow-¯eld, this has signi¯cant
implications on the vorticity distribution and the velocity °uctuations observed in
the °ow-¯eld. Observations from the PIV data showed the moving ground con-
¯guration to result in larger mean recirculation regions in the °ow-¯eld and the
formation of larger ground vortices, compared to the stationary ground con¯gu-
ration. Signi¯cant di®erences caused by the ground boundary con¯gurations in
both the °uid mechanics of the ground e®ect wake and the performance of theChapter 5. Experimental Results 164
rotor conclusively showed this to be an important parameter that has to be con-
sidered during experimental and numerical investigations of rotors in ground e®ect.
With the quasi-trimmed rotor and moving ground con¯guration providing the
best representation of a helicopter in ground e®ect forward °ight, this experimen-
tal con¯guration was used to further investigate the °uid mechanics of the ground
e®ect wake. E®ects of advance ratio, rotor ground distances and collective angles
were considered, and showed these to primarily result in a change in the location
of °ow separation. This in turn was seen to a®ect the location and size of the mean
recirculation zone and the velocity °uctuations experienced in the wake. Unsteady
measurements of the °ow-¯eld also showed the the velocity °uctuations to be as-
sociated with large scale °uctuations in the °ow-¯eld, related to the variations in
the trajectories of the tip vortices in the instantaneous °ow-¯eld.
Investigation of the cross-°ow velocity components in the longitudinal plane of
symmetry about the rotor hub showed low mean cross-°ows, while instantaneous
snap-shots of the °ow-¯eld showed higher cross-°ow velocities present in the °ow-
¯eld. These were seen to be constantly varying and broadly coincident with the
mean recirculation region observed in the wake. High cross-°ow velocity °uctu-
ations measured from the °ow-¯eld re°ected the large velocity deviations from
the mean, and show the cross-°ow velocity °uctuations to occur in regions where
vorticity is present. Results from these analyses can be used to explain the three-
dimensional and unsteady nature of the ground e®ect wake observed from the
°ow visualisations experiments. Limited investigations along o®-axis longitudinal
planes of the ground e®ect wake, either side of the rotor symmetry plane implied
the formation of a parabolic interaction boundary upstream of the rotor disk.
While mean vorticity data showed little di®erence in the wake, cross-°ow velocity
measurements showed more detailed variations, with the location and magnitudes
of the cross-°ow velocities suggesting the presence of a horse-shoe vortex in the
ground e®ect wake.Chapter 6
Discussion and Analysis
6.1 Introduction
PIV experiments conducted with the Large Rotor in ground e®ect allowed for
quantitative measurements from wide areas of the ground e®ect °ow-¯eld. Inves-
tigations conducted using the rolling road allowed for the importance of re-creating
accurate ground boundary con¯gurations during ground e®ect testing to be estab-
lished. A range of experiments conducted using di®erent rotor con¯gurations also
allowed for the e®ects of rotor trim, collective angles, rotor ground distance and the
e®ects of varying advance ratios on the ground e®ect wake features to be detailed.
Results from PIV tests conducted for a range of rotor and ground con¯gurations
using the Large Rotor were presented in Chapter 5. This chapter focuses on the
°uid dynamics of the ground e®ect wake, obtained from the experiments con-
ducted with the quasi-trimmed Large Rotor and the moving ground con¯guration
(Vg=V1 = 1).
6.2 Large Rotor Data Veri¯cation
The model-span-to-tunnel-width-ratio of the Large Rotor was 0.37, well within
the limits of 0.3-0.5 recommended for ¯xed wing model experiments in wind tun-
nels [59]. With very limited guidelines available for conducting accurate ground
e®ect experiments in wind tunnel environments, the ground e®ect experiments con-
ducted in this research were based on this design guideline established for wind
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tunnel model testing in free °ight conditions. Since little research has been con-
ducted to test the applicability of this guideline to ground e®ect experiments, it
was important to establish the e®ects of the wind tunnel interference on the ground
e®ect wake obtained from the Large Rotor, as this would have a direct in°uence
on the °uid dynamics associated with the resulting wake. Preliminary ground
e®ect °ow visualisation experiments conducted in this research have shown the
ground e®ect wake produced by a rotor model to spread over wide distances. The
rotor model (Rotor A) used for those experiments had a model-span-to-tunnel-
width ratio of 0:15, and at the lowest normalised advance ratio (¹¤ = 0:37) tested,
the resulting ground e®ect wake was seen to extend radially to about 2-diameters
ahead of the rotor hub, and to about 4-diameters across the width of the wind tun-
nel. The radial expansion of the wake in these cases was estimated by measuring
the spread of the talcum powder boundary along the wind tunnel °oor. With the
PIV results obtained from the Large Rotor showing similar longitudinal spreads
of the wake upstream of the rotor at comparable normalised advance ratios, the
radially expanding wake ahead of the rotor disk could spread across the width of
the tunnel and reach the boundaries of the wind tunnel side walls. Obstructions
caused by the side walls on the wake can set up recirculatory systems within the
tunnel environment, which can alter the dynamics of the wake being investigated,
thus causing inaccuracies in the experimental results.
To verify the results obtained from the Large Rotor, a smaller rotor model, which
would result in a considerably smaller wake, was tested in the same wind tunnel
for a range of normalised advance ratios. Details of the rotor and experimental
set-up were provided in Section 2.5.2.7. The Small Rotor used for these tests was
a ¯xed pitch (µ0 = 10o), two-bladed model, and tests for an untrimmed rotor con-
¯guration, for both the stationary (Vg=V1 = 0) and moving ground (Vg=V1 = 1)
con¯gurations were conducted. The decision of using the Small Rotor for these
validation tests lay in its small model-span-to-tunnel-width-ratio. Calculated to
be 0:10, this was similar to the model-span-to-tunnel-width-ratio for Rotor A used
for the preliminary °ow visualisation experiments, and meant that at compara-
ble normalised advance ratio settings, the radial spread of the ground e®ect wake
would be similar for both the rotors models. This thus meant that at the lowest
test speed (corresponding to the normalised advance ratio of ¹¤ ¼ 0:3), the ra-
dial expansion of the ground e®ect wake produced by the Small Rotor (expectedChapter 6. Discussion and Analysis 167
to be around 4 diameters across the width of the Argyll wind tunnel) would not
reach the boundaries of the wind tunnel, hence avoiding most of the interference
e®ects that the wind tunnel walls may induce on the °ow. Based on this, 2D2C
PIV experiments, with the Small Rotor operated at 3600RPM (60Hz) and at a
measured out of ground e®ect thrust coe±cient of CT = 0:010, were conducted for
a normalised advance ratio range of 0:3 < ¹¤ < 1:0. Di®erences in thrust between
the Large and Small Rotors were accounted for through the consideration of ¹¤,
the thrust normalised advance ratio. Comparison of data obtained from the two
rotor models would help to reveal any wind tunnel constraint e®ects on the ground
e®ect wake produced by the Large Rotor model.
Figures 6.1 and 6.2 present a comparison of the mean vorticity and °ow pathline
plots associated with the ground e®ect wake produced by the Small Rotor and
the Large Rotor at a variety of normalised advance ratios, for the moving ground
boundary con¯guration (Vg=V1 = 1), with the rotor disk at a ground distance of
half a diameter ( h
R = 1:0). Both sets of results present data from an untrimmed
rotor con¯guration, due to the ¯xed collective pitch limitations of the Small Ro-
tor. As was the case with all the other PIV data, the (u;v) velocity components
presented in the plots represent the longitudinal and vertical velocity components
along the (r;y) plane. All the plots derived from the Small Rotor results were
scaled with the rotor radius, R (R = 0:15m for the Small Rotor), with the origin
of the coordinate system situated at the rotor hub, and the leading edge blade
tip at the ordinate ( r
R;
y
R) = (1;0). In these plots, the ground is represented by
a black line along
y
r = ¡1. All vorticity data were normalised with
Vh
R , where
Vh is the rotor hover induced velocity (Vh = 4:0ms¡1 for the Small Rotor). A
representative chord based Reynolds number for these Small Rotor experiments
was calculated to be around Rec = 124;000 at the rotor blade tip and the circula-
tion based Reynolds number, derived from the PIV conducted near the rotor disk
plane was around Re¡ = 23;000. Results from the Large Rotor were presented in
a similar manner, and details of this was presented in Section 5.1.3.
Data presented in Figures 6.1 and 6.2 show the ground e®ect wake formed by the
Small Rotor to comprise of wake structures similar to that observed in the wake
produced by the Large Rotor. A mean °ow separation point and a resulting mean
recirculation zone were seen in the °ow-¯eld and appeared to form closer to theChapter 6. Discussion and Analysis 168
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(e) Large Rotor at¹¤ = 0:62 (f) Small Rotor at ¹¤ = 0:62
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(g) Large Rotor at¹¤ = 0:7 (h) Small Rotor at ¹¤ = 0:7
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Figure 6.1: Mean vorticity plots at a range of normalised advance ratio with
an untrimmed rotor with the moving ground (Vg=V1 = 1) boundary condition.
Results were obtained from the Large and Small Rotors operated at a ground
distance of 1.0R. Frames (a),(c),(e) and (g) were obtained from PIV results using
the Large Rotor and frames (b),(d),(f) and (h) were obtained from PIV results
using the Small Rotor. Plots have been scaled to allow for easy comparison
between the data.Chapter 6. Discussion and Analysis 169
(a) Large Rotor at ¹¤ = 0:4 (b) Small Rotor at ¹¤ = 0:39
1 1.5 2 2.5 3
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
r/R
y
/
R
1 1.5 2 2.5 3
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
r/R
y
/
R
(
c
)
L
a
r
g
e
R
o
t
o
r
a
t¹¤ = 0:46 (d) Small Rotor at ¹¤ = 0:46
1 1.5 2 2.5 3
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
r/R
y
/
R
1 1.5 2 2.5 3
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
r/R
y
/
R
(
e
)
L
a
r
g
e
R
o
t
o
r
a
t¹¤ = 0:62 (f) Small Rotor at ¹¤ = 0:62
1 1.5 2 2.5 3
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
r/R
y
/
R
1 1.5 2 2.5 3
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
r/R
y
/
R
(
g
)
L
a
r
g
e
R
o
t
o
r
a
t¹¤ = 0:7 (h) Small Rotor at ¹¤ = 0:7
1 1.5 2 2.5 3
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
r/R
y
/
R
1 1.5 2 2.5 3
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
r/R
y
/
R
Figure 6.2: Mean °ow pathline plots at a range of normalised advance ra-
tio with an untrimmed rotor with the moving ground (Vg=V1 = 1) boundary
condition. Results were obtained from the Large and Small Rotors operated at
a ground distance of 1.0R. Frames (a),(c),(e) and (g) were obtained from PIV
results using the Large Rotor and frames (b),(d),(f) and (h) were obtained from
PIV results using the Small Rotor. Plots have been scaled to allow for easy
comparison between the data.Chapter 6. Discussion and Analysis 170
rotor with higher normalised advance ratios. As in the case of the wake produced
by the Large Rotor, the tip vortices trailing from the rotor disk and expanding
upstream along the ground were seen to follow a loop-like trajectory into the mean
recirculation zone. This loop was seen to contain higher vorticity strengths and be-
come more compact as the normalised advance ratio increased, and was observed
to be replaced by a ground vortex at higher normalised advance ratios when the
°ow separation was seen to occur under the rotor disk leading edge. Mean °ow
pathline plots, presented in Figure 6.2, further highlight similarities in the °ow
separation point locations between the wakes produced by the Large and Small
Rotors, for comparable normalised advance ratios.
The presence of identical wake features observed from the PIV data obtained from
both the rotors suggests that the ground e®ect °ow-¯elds were qualitatively simi-
lar despite di®erences in the mounting arrangements used for both models. With
the Large Rotor mounted on the sting support system such that most of the rig
components were situated under the rotor disk, and the Small Rotor mounted
vice versa, this di®erence in mounting arrangement can cause varying degrees of
obstruction to the in°ow through the rotor, hence a®ecting the resulting wake.
This was especially the case with the Small Rotor, which was mounted in the
wind tunnel such that all the other rig components (the motor driving the ro-
tor and the load-cell) were above the rotor disk. Care was however taken during
the design and wind tunnel installation phases to ensure that the Small Rotor
rig components present above the rotor disk plane were appropriately shrouded.
Additionally, both the Large and Small Rotors were installed on the sting support
system in the wind tunnel such that the majority of the additional rig components
were situated aft of the rotor hub, such that the wake through the front portion
of the rotor disk was una®ected by interference e®ects from the rig components.
Accordingly, data derived from the PIV showed insigni¯cant e®ects caused by the
rotor mounting arrangements on the wake, with Figures 6.1 and 6.2 showing small
di®erences between the °ow-¯elds.
More detailed analyses of the topological mean °ow separation location at com-
parable normalised advance ratios provided further evidence for quantitative sim-
ilarities between the wake formed by both rotors. Table 6.1 presents the mean
topological °ow separation location for both the rotors at a normalised advanceChapter 6. Discussion and Analysis 171
Untrimmed Large Rotor Small Rotor
Rotor Topological Mean Topological Mean
Con¯guration Separation Point (R) Separation Point (R)
¹¤ = 0:62 and (Vg=V1 = 1) 1.74 1.64
¹¤ = 0:62 and (Vg=V1 = 0) 2.31 2.46
Table 6.1: Comparison of the mean °ow separation points calculated from the
Large Rotor and Small Rotor tested at a normalised advance ratio of ¹¤ = 0:62.
The rotors were untrimmed and at a ground distance of 1.0R. Results from both
the ground con¯gurations are presented.
ratio of ¹¤ = 0:62. The corresponding mean vorticity plots are presented in Figure
6.1 (e) (mean pathline plots in Figure 6.2 (e)) for the Large Rotor test and Figure
6.1 (f) (mean pathline plot in Figure 6.2 (f)) for the Small Rotor test. At com-
parable normalised advance ratios, results from both the rotors showed the mean
topological °ow separation to occur at similar ground positions, for the moving
ground con¯guration (Vg=V1 = 1). Similar displacements in the topological mean
°ow separation locations were also observed to occur in the °ow-¯eld produced by
both rotor models when the ground was stationary (Vg=V1 = 0).
Similar comparisons of the mean topological °ow separation point locations for
the range of normalised advance ratios tested during the PIV, are presented in
Figure 6.3. Flow separation locations, derived from results produced by the two
rotors in the untrimmed con¯guration, for both the moving ground (Vg=V1 =
1) and stationary ground (Vg=V1 = 0) con¯gurations are presented in the plot
and show comparable shifts in the mean separation point locations caused by the
moving ground con¯guration. For normalised advance ratios greater than ¹¤ = 0:5,
experimental results from both the rotors showed the mean °ow separation to occur
at similar locations. Greater deviations between the °ow separation point locations
were observed at the lowest normalised advance ratios tested at ¹¤ < 0:5. Test
results from the Large Rotor at these speeds show a shift in the °ow separation
location closer to the rotor disk compared to the Small Rotor, for comparable
normalised advance ratios. These deviations in the mean °ow separation positions
were noticed for both the ground boundary con¯gurations tested, and can be an
e®ect of the wind tunnel constraints on the rotor wake. PIV data showed the
ground e®ect wake associated with the Large Rotor to extend to distances beyond
1-diameter upstream of the rotor at these normalised advance ratios. These will
correspond to radial expansions of the wake close to the wind tunnel side walls,Chapter 6. Discussion and Analysis 172
resulting in wind tunnel interference e®ects to a®ect the dynamics of the wake.
While di®erences in the °ow separation location were observed, comparisons of
the detailed wake structures between the two rotors (Figures 6.1 and 6.2) showed
small di®erences. Based on these observations, it was concluded that for the
majority of the normalised advance ratios tested, the ground e®ect wake produced
by the Large Rotor was insigni¯cantly a®ected by wind tunnel constraint e®ects.
At the lower normalised advance ratios, below ¹¤ = 0:5, constraint e®ects caused
by the wind tunnel walls were seen to a®ect the wake more signi¯cantly, causing
a change in the location of the mean °ow separation position, although little
changes to the detailed wake structures were observed. These results imply that
for ground e®ect testing in a wind tunnel environment, considerably smaller rotor
models, with model-span-to-tunnel-width ratios smaller than 0:3, should be used.
This is especially the case where accurate representations of the wake at very low
normalised advance ratios are sought.
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Figure 6.3: Mean topological °ow separation point locations in the ground
e®ect °ow-¯eld at varying normalised advance ratios for di®erent ground bound-
ary con¯gurations. Results from the Large and Small Rotors in an untrimmed
rotor con¯guration are presented, with the rotor at a ground distance of 1.0R.Chapter 6. Discussion and Analysis 173
6.3 Fluid Mechanics of the Ground E®ect Wake
Ground e®ect experimentation conducted in the past have provided some insights
into the °uid dynamics of the ground e®ect wake. Most of these research have
been based on °ow visualisation methods so that large areas of the wide-spreading
wake can be observed. One of the primary ground e®ect features identi¯ed from
these tests has been a °ow separation boundary. Surface visualisations experi-
ments have shown the presence of this °ow separation boundary [28, 29], which
appears as a separation point in a two-dimensional longitudinal slice of the wake.
Hot-wire anemometry tests conducted along the longitudinal plane of symmetry
of the rotor have shown oscillations of this ground separation point [32].
In wind tunnel ground e®ect experiments, the position of this °ow separation point
is in°uenced by the relative velocities of the oncoming air°ow and that of the rotor
wake expanding along the ground. Observations from the dust °ow visualisation
experiments conducted in this research suggested the presence of a °ow separation
zone in the °ow-¯eld along the rotor longitudinal plane of symmetry; the °ow
visualisation videos showed talcum powder seeding particles accumulating at the
ground location where interactions between the expanding rotor wake and the
freestream °ow occurred. Fluctuations of the separation zone were also observed
from the °ow visualisation tests, and these seemed to be more pronounced at
the low normalised advance ratio tests, where the separation zone was located
upstream of the rotor disk. Analyses of the PIV test data from the Large Rotor
tested with the moving ground con¯guration also showed similar distinctions in
the separation point °uctuations at varying normalised advance ratios.
6.3.1 Evolution of the ground e®ect wake
While smoke °ow visualisation experiments (conducted in previous ground e®ect
research) have led to qualitative observations of the ground e®ect wake, a more
quantitative description of the wake has been obtained from the current research.
Most of the past ground e®ect research speak of the °ow separation occurring
in the °ow-¯eld to cause a wake roll up, resulting in the formation of a ground
induced vortex far upstream of the rotor disk at low normalised advance ratios.
As was illustrated in the schematics of Figure 1.4, these research document theChapter 6. Discussion and Analysis 174
ground vortex developing from a weak vortex far upstream of the rotor disk to a
well-de¯ned, high strength ground vortex under the rotor disk at higher advance
ratios. Quantitative measurements of the wake have also shown this vortex to
in°uence the performance of the rotor, by a®ecting the in°ow through the rotor
disk [23, 24, 31, 34]. Investigations of the ground e®ect wake conducted in this
research however, have shown signi¯cant di®erences in the wake evolutionary pat-
tern compared to those described in previous ground e®ect research.
Unlike results from °ow visualisation experiments (Figure 1.4) presented by Sheri-
dan and Weisner [23], the PIV results obtained from this research showed no
ground vortex to exist far upstream of the rotor at low normalised advance ratios.
Instead, the ground e®ect wake was seen to contain a wide region of mean recircu-
lation, reaching heights comparable to the rotor distance from the ground. This
was seen to reduce in size and evolve into a concentrated vortex under the rotor
disk at higher normalised advance ratios; further increments in advance ratio were
seen to cause further reductions in the ground vortex size as it forms further aft
of the rotor disk leading edge, until it eventually disappears from the °ow-¯eld.
Schematics of the evolving ground e®ect wake at increasing normalised advance
ratios, as was observed from the PIV data obtained from this research, are pre-
sented in Figure 6.4, with each schematic accompanied by an example from the
instantaneous ground e®ect °ow-¯eld.
Analyses of the PIV data have shown the evolution of the ground e®ect wake to
be in°uenced by the trajectories of the tip vortices trailing from the rotor disk.
Interactions between the oncoming freestream and the rotor wake determine the
location of °ow separation and a®ect the size of the mean recirculation occurring
in the °ow-¯eld. At low normalised advance ratios, the rotor wake expands far
upstream of the rotor before it is overcome by the low velocity freestream. The
rotor wake dissipates as it expands along the ground, and °ow separation occurs
at the point where the freestream has adequete momentum to overcome the ex-
panding rotor wake. At this point, tip vortices carried by the expanding rotor
wake leave the ground and encounter the freestream, which then re-directs them
back towards the rotor. As the freestream convects the tip vortices towards the
rotor, the vortices continue to age, reducing in vorticity strength. The trajectory
of the tip vortices at these low freestream speeds are shown in Figure 6.4 (a) andChapter 6. Discussion and Analysis 175
an instantaneous vorticity plot, showing the path taken by the tip vortices as they
leave the °ow separation point is presented in Figure 6.4 (b). Unsteadiness of
the ground e®ect wake results in the freestream to convect the tip vortices along
di®erent trajectories, at di®erent time instances. This results in the formation of
a wide region of low magnitude mean recirculation in the °ow-¯eld ahead of the
rotor disk, as was seen in Figures 5.12 (a) - (c).
At higher normalised advance ratios, °ow separation occurs closer to the rotor disk
and the tip vortices entering the °ow-¯eld are younger, having undergone lesser
dissipation. The higher freestream velocity (associated with the higher advance
ratio) causes the tip vortices to be convected across the °ow-¯eld towards the rotor
at a faster rate. Near the rotor disk, the down°ow through the rotor results in the
vortices to be convected back towards the ground, where they are once again in°u-
enced by the expanding rotorwash and are transported along with the younger tip
vortices back towards the separation point. This convection of the vortices by the
freestream results in a distinct loop-like trajectory to be observed in the °ow-¯eld,
and a schematic of this is shown in Figure 6.4 (c). Smaller distances between the
°ow separation region and the rotor disk and the higher freestream speed, result in
the formation of a smaller mean recirculation zone. Lesser dissipation undergone
by the wake also causes the vorticity levels within the mean recirculation zone
to be higher. Mean vorticity plots presented in Figures 5.12 (d) - (f) show this
loop-like trajectory and higher vorticity levels occurring within the °ow-¯eld.
Unsteadiness observed in the ground e®ect wake was seen to result in the tip vortex
trajectories to vary instantaneously in the wake. In some cases, these trajectory
changes were seen to transport the tip vortices to °ow regions above the rotor
disk, causing the vorticity to be ingested through the rotor. An example of this
is shown in Figure 6.4 (d), where the presence of high magnitude vorticity above
the rotor disk, implies a re-ingestion. Variations in the trajectories taken by the
tip vortices were also seen in the talcum powder °ow visualisation, which showed
some vortices accumulating close to the ground plane within the mean recircula-
tion region, while some were seen to be transported back towards the rotor disk
and re-ingested through it. The presence of tip vortices within close vicinity of
each other were also seen to induce variations in their trajectories. Flow visualisa-
tion videos showed the presence of vortices higher up in the °ow-¯eld to cause theChapter 6. Discussion and Analysis 176
younger vortices along the ground plane to be accelerated towards the separation
zone (Figure 3.8), causing them to leave the ground plane with higher velocities
and reach °ow regions high above the mean recirculation region. Occurrences
of vortex mergers were also observed from the °ow visualisations images (Figure
3.7), and these highlight the complex nature of the instantaneous ground e®ect
°ow-¯eld.
Further increments in the normalised advance ratio were seen to cause °ow separa-
tion to occur under the rotor disk leading edge. In these cases, the freestream speed
is high enough to interact with the trailing rotor wake as soon as it reaches the
ground. Consequently, tip vortices with high vorticity strength are ejected into the
°ow-¯eld, and the high speed freestream transports these vortices rapidly towards
the vicinity of the down°ow from the rotor disk. This results in the formation of a
tightly concentrated, compact vortex. A schematic of this is shown in Figure 6.4
(e), and an instantaneous vorticity plot from the wake at high normalised advance
ratio is presented in Figure 6.4 (f). The wake at these high normalised advance
ratios were seen to be more steady compared to the lower normalised advance
ratios, resulting in high magnitude vorticity levels to be experienced in the mean
°ow-¯eld. Examples of these were seen from the mean vorticity plots presented in
Figures 5.12 (g) - (h).Chapter 6. Discussion and Analysis 177
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6.3.1.1 Secondary Separation
In addition to the presence of positive vorticity in the °ow-¯eld, the PIV results
also showed the ground e®ect wake to contain negative vorticity clumps. With
the root vortex system trailing from the rotor blades skewed backwards by the
oncoming freestream, the boundary layer induced by the mean recirculating °ow
along the ground plane is the likely source of this negative vorticity. Observations
from the PIV and °ow visualisation have also shown secondary separation to occur
in the boundary layer, as the high-vorticity strength tip vortices trail close to the
ground plane.
Figure 6.5 presents data from higher magni¯cation PIV tests conducted in °ow
regions near the ground plane, with the rotor at a ground distance of 1:0R and
operating at a normalised advance ratio of ¹¤ = 0:66. The mean vorticity plot
for the °ow-¯eld was presented in Figure 5.12 (f), and a magni¯cation of the °ow
around the separation region is represented in Figure 6.5 (a). The presence of the
ground boundary layer induced by the mean °ow-¯eld is re°ected in this plot, and
the instantaneous plot presented in Figure 6.5 (b) shows this to extend from under
the trailing rotor wake until the °ow separation region. It was observed from the
velocity plots that the rotational sense of some of the °ow regions near the ground
plane was opposite to that of the tip vortices trailed in the rotorwash, and this was
particularly observed near the °ow separation zone. Figure 6.5 (c), presenting an
instantaneous pathline plot of the °ow-¯eld shows the °ow around the separation
zone to circulate in a sense opposite to the mean recirculation region (and tip
vortices) in the °ow-¯eld, indicating secondary separation occurring close to the
ground. Flow visualisation videos also showed dust particles rotating in a sense
opposite to the tip vortices near the ground plane, implying secondary vortices to
be induced under the tip vortex track along the ground plane and near the °ow
separation zone (Figure 3.5).
Based on these observations, the wake schematics presented in Figure 6.4 include
the occurrence of this secondary separation in the °ow-¯eld and the formation of
the negative secondary vortices along the ground plane. Analyses of the PIV data
at varying normalised advance ratios suggested that secondary separation occurred
at all the normalised advance ratios tested and that the resulting negative vorticesChapter 6. Discussion and Analysis 179
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Figure 6.5: PIV data showing secondary separation occurring in the ground
e®ect °ow-¯eld. Data obtained with the quasi-trimmed Large Rotor at a ground
distance of 1.0R, operated at a normalised advance ratio of ¹¤ = 0:66, with the
ground moving (Vg=V1 = 1). Frame (a) presents the mean vorticity plot, while
frame (b) and (c) present an instantaneous snap-shot of the vorticity and °ow
pathlines in the °ow-¯eld.
were seen to increase in vorticity strengths as the separation occurred closer to
the rotor disk. The schematic diagrams presented in Figure 6.4 also show the
trajectory taken by these negative vortices as they leave the separation zone and
re°ect observations from instantaneous PIV data that show the negative vorticity
to border the loop of positive vorticity, and to be directed towards the rotor disk
by the freestream. As in the case of the positive vorticity, the trajectories of the
negative vorticity clumps in the °ow-¯eld were in°uenced by the unsteadiness of
the wake, and instances where the presence of negative vorticity above the rotor
disk plane were also observed from the PIV data. The presence of negative vorticity
in the °ow-¯eld further adds to the complex trajectories of the vortices; close
proximities of counter-rotating vortices have been known to cause an acceleration
of the vortices, and this can be a contributing factor to the occassional dispersion
of vorticity to °ow regions far above the rotor disk (discussed in Section 5.4).Chapter 6. Discussion and Analysis 180
6.3.2 Three-dimensional nature of the ground e®ect wake
Together with the two-dimensional data, PIV experiments conducted either side of
the longitudinal plane of symmetry provided some insights into the three dimen-
sional nature of the ground e®ect wake. Locations of the mean cross-°ow velocity
components in the o®-axis longitudinal planes (refer to section 5.6.5) implied the
presence of a horse-shoe vortex in the ground e®ect wake. A three-dimensional
representation of the ground e®ect wake is provided in Figure 6.6 and the colour
convention adopted for the PIV is maintained in this schematic. Flow separation
occurring upstream of the rotor disk results in the formation of a parabolic sep-
aration boundary, and a horse-shoe vortex tube just aft of it. This horse-shoe
vortex tube is made up of inter-twined tip vortex systems trailed by the rotor
blades, and this is represented in the schematic by the red vortex lines wrapped
around the vortex tube. In some instances, streamlines of the freestream °owing
towards the rotor disk can be entrained into this horse-shoe vortex tube, and this
is represented in the schematic by the black streamlines inter-woven around the
vortex tube.
The size of this vortex tube is in°uenced by the mean recirculation region observed
along the longitudinal planes. At low normalised advance ratios, this horse-shoe
vortex tube was seen to occupy a large region of the wake ahead of the rotor disk
and was seen to reach heights as high as the rotor distance o® the ground. This is
represented in Figure 6.6, which shows a large horse-shoe vortex tube ahead of the
rotor disk. The rotor wake system, trailing from the rotor blades, expands along
the ground upstream of the rotor and extends under the mean recirculation region
up to the °ow separation boundary, where it is then ejected into the °ow-¯eld and
picked up by the freestream. This rotor tip vortex system is then wrapped around
the mean vortex tube and together with it, vorticity associated with the rotor tip
vortices (represented in red), wrap around the mean °ow recirculation and are
transported towards the disk, where some are re-ingested through the rotor, while
others are recirculated within the mean recirculation zone.Chapter 6. Discussion and Analysis 181
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Additional negative vorticity induced by the passage of tip vortices along the
ground are also introduced into the °ow-¯eld and contribute to the complex nature
of the mean °ow (horse-shoe vortex). This is represented in Figure 6.6 by the
blue vortices, which are seen under the horse-shoe vortex tube and around the
separation line. These vortices border the tip vortices as they are ejected into the
°ow-¯eld at the separation line, and are transported by the mean °ow towards to
rotor disk. The highly unsteady nature of the °ow-¯eld, together with the cross-
°ow identi¯ed by the stereo PIV tests, further add to the complexity of the wake,
where the °ow within the horse-shoe stream-tube was seen to consist of complex
re-oriented vortex lines with highly °uctuating cross-°ow velocity components.
At higher normalised advance ratios, this horse-shoe vortex tube becomes more
compact in size as it forms under the rotor disk leading edge. In these cases,
the trailing rotor wake is entrained into the horse-shoe vortex as it is ejected into
the °ow-¯eld at the separation boundary, and this results in the formation of a
horse-shoe ground vortex under the rotor disk.
6.4 Ground E®ect Flow Regimes
Curtiss et. al [24, 27] made use of °ow visualisation observations to categorise
the ground e®ect wake into two regimes, based on the structures observed within
the ground e®ect °ow-¯eld (Refer to Section 1.4.2). At low normalised advance
ratios, a recirculation °ow regime was de¯ned, where the main wake feature was
the trailing rotor wake separating from the ground plane and recirculating through
the rotor disk. Further °ow visualisation experiments conducted by Ganesh et.
al using high energy lasers have detailed the °ow in the recirculation regime to
consist of a loop of tip vortices within the wake; part of this loop was seen to reach
the °ow near/above the rotor, causing a re-ingestion of the tip vortices through
the rotor disk [30{32].
Curtiss et. al also classi¯ed the ground e®ect wake to be in the ground vortex
°ow regime when the horse-shoe vortex formed under the rotor disk leading edge
[24, 27]. Signi¯cant lateral movement of the smoke ¯laments used for the visu-
alisation experiments were additionally seen to accompany the formation of the
ground vortex. Later °ow visulisation experiments conducted by Ganesh et. alChapter 6. Discussion and Analysis 183
established similar observations, and traced the tip vortices as the source feeding
the ground vortex [26, 36]. Formation of the ground vortex close to the vicinity of
the rotor has also been seen from previous research to a®ect the performance char-
acteristics of helicopters by in°uencing the in°ow at the rotor disk. Data presented
by Sheridan and Weisner [23] showed a change in the rotor in°ow angle from a
down°ow through the disk to an up°ow, when the ground vortex was formed un-
der the rotor leading edge (Refer to Figure 1.4). These changes in in°ow through
the disk were related to variations in the lateral cyclic control inputs (Figure 1.5)
required to over-run the ground vortex formed under the rotor disk [23].
PIV experiments conducted during this research showed the ground e®ect wake to
consist of the loop of vortices and ground vortex identi¯ed by Curtiss et. al [24, 27]
and Ganesh et. al [30{32], and these were seen to occur at di®erent normalised
advance ratios as shown in Figure 5.12. Experiments conducted with the Large
Rotor have also shown the cyclic trim angles to vary signi¯cantly with normalised
advance ratio. The step-like increase in lateral cyclic trim inputs observed in Fig-
ure 5.9, implies variations in the wake features to be signi¯cant enough to cause
changes in the °ow near the rotor disk. Based on these observations, the mean
vorticity magnitude and the mean °ow angle in a region of the °ow-¯eld above
the rotor disk was calculated from the PIV data, in an attempt to classify the °ow
into the di®erent ground e®ect °ow regimes. Figure 6.7 shows the rectangular
region, K, of the °ow-¯eld above the rotor disk used for this analysis. Extending
from ( r
R;
y
R) = (1:2;0) ¡ (1:6;0:2), this region was chosen so that re-ingestion of
vorticity through the rotor disk could be identi¯ed from the PIV data. With the
recirculation regime de¯ned based on the presence of recirculation of the wake
(re-ingestion of the tip vortices), a region close to and above the rotor disk leading
edge was required for this analysis. Additionally, to avoid complications working
with changing vorticity signs in the chosen region of interest, the enstrophy level
in Region K was considered. The enstrophy measured in this analysis is non-
dimensional, and scaled with the hover induced velocity, Vh, and rotor radius, R.
Figure 6.8 presents the data obtained from analyses of the mean enstrophy and
mean °ow angle in the region K above the rotor disk, and this is compared to the
lateral cyclic trim variations at di®erent normalised advance ratios. Both the mean
enstrophy shown in Figure 6.8 (b) and the mean °ow angle, presented in FigureChapter 6. Discussion and Analysis 184
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Figure 6.7: The rectangular Region K selected for the analysis of the mean
°ow angle and the mean enstrophy above the rotor disk. Vertices of this region
extend from ( r
R;
y
R) = (1:2;0) ¡ (1:6;0:2).
6.8 (c) show a step-like change at around the same normalised advance ratio of
0:62 < ¹¤ < 0:7, and this correlated well to the step-like change in lateral cyclic
inputs observed from the trim plot presented in Figure 6.8 (a). Mean enstropy
levels in the region K, presented in Figure 6.8 (b), were seen to be signi¯cantly
higher at normalised advance ratios below ¹¤ ¼ 0:62 compared to the values at
normalised advance ratios above ¹¤ ¼ 0:7. Additionally, Figure 6.8 (c) shows the
mean °ow angle in the region K to change from a negative value, signifying a down-
ward °ow in the region at ¹¤ < 0:62, to a positive value, signifying an upward °ow.
Distinct changes in the mean °ow angle measured, seen to occur at normalised
advance ratios coinciding with where the step-like change in lateral cyclic inputs
were observed, were similar to the observations made by Sheridan and Weisner
[23]. An analysis of the mean vorticity information, presented in Figure 5.12,
showed the wake formed at normalised advance ratios above ¹¤ = 0:7 to consist
of a ground vortex under the rotor disk leading edge, and this was seen from Fig-
ure 6.8 to correspond with a positive mean °ow angle in Region K and a mean
enstrophy level close to zero. Below ¹¤ = 0:62, the PIV data showed the ground
e®ect wake to consist of a wide region of mean recirculation ahead of the rotor
disk, with traces of a loop-like structure of high vorticity present within it; FigureChapter 6. Discussion and Analysis 185
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Figure 6.8: Mean enstrophy and mean °ow angle in the Region K above the
rotor disk for the range of normalised advance ratios tested. Frame (a) presents
the lateral cyclic trim inputs required to attain the quasi-trim state of the Large
Rotor. Frame (b) presents the mean enstrophy measured within Region K, and
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6.8 showed this to coincide with high mean enstrophy levels and negative mean
°ow angles in the Region K. In addition to this, Figure 6.8 showed the ground
e®ect wake produced between 0:62 < ¹¤ < 0:7 to be characterised by moderately
high mean enstrophy levels and positive mean °ow angles. Analysis of the mean
vorticity information presented in Figure 5.12 showed the wake in this normalised
advance ratio range to consist of a loop-like region of high vorticity within a wider
region of mean recirculation ahead of the rotor disk.
While analyses of the mean enstrophy and mean °ow angle in Region K showed the
°ow-¯eld above ¹¤ = 0:7 to closely resemble the ground vortex regime, it was es-
tablished that these parameters alone could not be used to distinguish the ground
e®ect °ow regimes. This was particularly the case at the lower normalised advance
ratios, where the °ow-¯eld consisted of the mean recirculation region ahead of the
rotor disk leading edge; Figure 5.12 showed this to occur at ¹¤ < 0:7. While the
PIV vorticity data show the presence of a loop-like structure of vorticity in the
°ow-¯eld, closely resembling the recirculation loop described by Ganesh et. al [30{
32], consideration of the instantaneous vorticity data showed signi¯cantly varying
°ow-¯elds at di®erent time instances. In some instances, the loop of vortices were
seen to reach °ow regions above the rotor disk, implying a re-ingestion of the wake,
while in other instances, this loop was seen to form close to the ground plane, re-
sulting in little (or zero) vorticity to be observed above the rotor disk; examples
of these were shown in Figure 5.17. Similar observations of varying tip vortex
trajectories were also made from the °ow visualisation experiments (presented in
Chapter 3 and the preliminary PIV experiments conducted with the stationary
ground con¯guration (discussed in Chapter 4)).
These unsteady characteristics of the wake imply that the recirculation regime
cannot be de¯ned solely based on observations of wake re-ingestion [24], or by the
appearence of the recirculation loop and the re-ingestion of the vortices [30{32],
or through consideration of the mean enstrophy (vorticity) above the rotor disk.
Instead, a re-ingestion criterion, taking into account the degree of re-ingestion
observed in the wake needs to be considered.Chapter 6. Discussion and Analysis 187
6.4.1 Re-ingestion Criterion
The re-ingestion criterion used for this research was based on calculating the pro-
portion of samples showing the presence of vorticity in the Region K above the
rotor disk. In this analysis, the enstrophy level in Region K was measured for
each instantaneous PIV snap-shot of the °ow-¯eld at each normalised advance
ratio tested. Based on a chosen threshold enstrophy level, ENt, the proportion of
the sample with enstrophy level greater than the threshold was calculated. For
this analysis, the enstrophy threshold was chosen to be ENt = 0:05, ¯ve times the
minimum mean enstrophy measured in Region K (seen from Figure 6.8 to occur
when ¹¤ > 0:7). Instantaneous data which showed the enstrophy level in Region
K to be lesser than ENt = 0:05 was considered to have no vorticity (enstrophy)
above the rotor disk. Snap-shots which showed enstrophy levels in Region K to
be greater than ENt = 0:05 was considered to have vorticity present above the
rotor disk; this will eventually be ingested through the rotor disk, thus implying
a re-ingestion of the wake.
Figure 6.9 presents the proportion of the °ow-¯eld showing the enstrophy in Region
K to be greater than ENt = 0:05, for the range of normalised advance ratio tested.
The ¯gure shows the proportion of the samples containing signi¯cant enstrophy
(vorticity) levels in Region K to reduce as the normalised advance ratio was in-
creased. Analyses of the data obtained showed that the presence of vorticity above
the rotor disk and hence re-ingestion of the wake was not consistently observed in
all the PIV samples at any of the normalised advance ratio tested, as previously
implied by Curtiss et. al [24, 27] and Ganesh et. al [26, 36]. Instead a re-ingestion
criterion based on a proportion of the sample showing re-ingestion had to be de-
¯ned to classify the °ow into the recirculation °ow regime. For this research, it
was decided that normalised advance ratios which showed more than 75% of the
sample to contain enstrophy (vorticity) values in the Region K above the threshold
enstrophy ENt = 0:05 would be classi¯ed into the recirculation °ow regime. With
the ground vortex °ow regime identi¯ed to only contain a ground vortex under
the rotor disk [24, 26, 27, 36], normalised advance ratios which showed none (0%)
to the instantaneous images to contain enstrophy (vorticity) values in the Region
K above the threshold enstrophy ENt = 0:05 was classi¯ed into the ground vortex
°ow regime.Chapter 6. Discussion and Analysis 188
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Figure 6.10: Example of the °ow-¯eld in the recirculation °ow regime. En-
strophy levels measured from the Region K when the rotor is operated at a nor-
malised advance ratio of ¹¤ = 0:52 is presented in Frame (a). Frame (b) presents
a typical instantaneous vorticity plot from the recirculation °ow regime.
6.4.2 Recirculation Flow Regime
Based on this de¯nition of the re-ingestion criterion, it was identi¯ed that the
ground e®ect wake produced by the Large Rotor can be classi¯ed into the recircu-
lation °ow regime between the normalised advance ratio range of 0:4 < ¹¤ < 0:62.
In this range, the PIV data showed more than 75% of the instantaneous snap-shots
of the wake to contain signi¯cant vorticity levels in the Region K above the rotor
disk, hence implying a re-ingestion of the wake. As an example, Figure 6.10 (a)
shows the mean and instantaneous enstrophy levels measured in the wake pro-
duced at a normalised advance ratio of ¹¤ = 0:52, when the rotor was 1:0R above
the ground. The threshold enstrophy level is also shown in the plot, and it can
be seen that most of the instantaneous data have enstrophy levels in Region K
signi¯cantly higher than ENt = 0:05. A typical example of the °ow-¯eld observed
in the recirculation regime is presented in Figure 6.10 (b), and shows the presence
of high positive and negative vorticity levels near/above the rotor disk signifying
a re-ingestion of the wake.
The lower limit de¯ned for the recirculation °ow regime is based on the lowest
normalised advance ratio that was tested during this research. This boundary
may extend to lower values if further tests, at ¹¤ < 0:4, were conducted, although
this could not be done during this research due to experimental limitations. Con-
sideration of the mean enstrophy level at the low normalised advance ratios ofChapter 6. Discussion and Analysis 190
¹¤ = 0:45 and ¹¤ = 0:4 in Figure 6.8, however shows this to begin to fall from the
peak mean enstrophy level observed around 0:5 < ¹¤ < 0:62. Together with the
locations of the mean recirculation regions identi¯ed from the PIV vorticity plots,
this observation suggests that the wake at normalised advance ratios lesser than
¹¤ = 0:4 will occur much further upstream ahead of the rotor disk, thus having
lesser in°uence on the °ow area above the rotor disk. Re-ingestion of the wake
would thus be less likely to occur, and this implies that at these very low nor-
malised advance ratios, the wake may not satistfy the re-ingestion criterion used
to identify the recirculation °ow regime; instead the wake may resemble one that
is produced when the rotor is in ground e®ect hover [41]. Further experimentation
at very low normalised advance ratios below ¹¤ < 0:4 are however required before
this can be validated.
6.4.3 Ground Vortex Regime
Classi¯cation of the ground e®ect °ow into the ground vortex regime was per-
formed by considering the appearance of a ground vortex in the °ow-¯eld under
the rotor disk. Analyses of the PIV data from the Large Rotor showed this to
occur at normalised advance ratios between 0:7 < ¹¤ < 0:85. Measurements from
the °ow-¯eld showed the appearance of the ground vortex to be accompanied by
positive mean °ow angle, as shown in Figure 6.8. Corresponding mean enstro-
phy levels in the Region K above the rotor disk also showed a distinct drop from
high magnitude mean enstrophy to a value close to zero. Both the changes in the
mean °ow angle and mean enstrophy where seen to occur after the step increase
in lateral cyclic input required to attain the quasi-trim state of the Large Rotor
as shown in Figure 6.8 (a).
Consideration of the instantaneous enstrophy levels in the °ow-¯eld, show 0% the
°ow samples to possess enstrophy levels in Region K above the threshold enstrophy,
ENt = 0:05. An example of the °ow from the ground vortex regime is shown in
Figure 6.11. In this case, the rotor is operated at a normalised advance ratio of
¹¤ = 0:7, and it can be seen from Figure 6.11 (a) that all the individual images
have enstrophy levels signi¯cantly lower than the threshold enstrophy chosen for
the analyses. With the °ow above the rotor disk showing almost zero vorticity, a
typical example of the °ow-¯eld from the ground vortex regime is shown in FigureChapter 6. Discussion and Analysis 191
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Figure 6.11: Example of the °ow-¯eld in the ground vortex °ow regime. En-
strophy levels measured from the Region K when the rotor is operated at a nor-
malised advance ratio of ¹¤ = 0:7 is presented in Frame (a). Frame (b) presents
a typical instantaneous vorticity plot from the ground vortex °ow regime.
6.11 (b). As in the case of the recirculation °ow regime, the upper boundary of the
ground vortex °ow regime was de¯ned by the disappearance of the ground vortex
from the imaged ¯eld-of-view. Experimental constraints limited the normalised
advance ratio range that could be tested during this research, and further testing at
a wider range of normalised advance ratios will provide a more accurate de¯nition
of the upper boundary for the ground vortex regime.
6.4.4 Transition Flow Regime
While the re-ingestion criterion and the enstrophy threshold de¯ned in this anal-
yses allowed for the identi¯cation of the recirculation and ground vortex °ow
regimes, the PIV data showed results from a range of normalised advance ratios
where the ground e®ect °ow could neither be classi¯ed into the ground vortex
or recirculation regime. Analysis of the wake produced by the Large Rotor, pre-
sented in Figure 6.9, showed the wake produced between 0:62 < ¹¤ < 0:7 to
exhibit characteristics of both the de¯ned °ow regimes. Within this normalised
advance ratio range, the PIV data showed less than 75% of the sample to imply
re-ingestion. While this meant that the °ow could not be classi¯ed in the recircu-
lation regime, it was observed that signi¯cant proportions of the sample showed
enstrophy values in Region K to be above the threshold, ENt = 0:05. This thus
meant that the °ow could not be classi¯ed into the ground vortex °ow regime,
where 0% of the sample show enstrophy values greater than the threshold. ThisChapter 6. Discussion and Analysis 192
(a) Instantaneous Enstrophy
0 20 40 60 80 100 120
−1
−0.5
0
0.5
1
1.5
2
2.5
3
sample
e
n
s
t
r
o
p
h
y
 
(
n
o
n
−
d
i
m
e
n
s
i
o
n
a
l
)
 
 
Instantaneous enstrophy
Mean enstrophy
Enstrophy Threshold (0.05)
Image 39
Image 84
(b) Image 39 (c) Image 84
r/R
y
/
R
 
 
0.5 1 1.5 2
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
−15
−10
−5
0
5
10
15
Freestream
Region K
r/R
y
/
R
 
 
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
−15
−10
−5
0
5
10
15
Freestream
Region K
Figure 6.12: Example of the °ow-¯eld in the transition °ow regime. Enstrophy
levels measured from the Region K when the rotor is operated at a normalised
advance ratio of ¹¤ = 0:64 is presented in Frame (a). 51% of the sample was cal-
culated to have enstrophy levels higher than ENt = 0:05. Frame (b) presents an
instantaneous vorticity plot where the Region K contains high enstrophy levels,
similar to °ow in the recirculation regime. Frame (c) presents an instantaneous
vorticity plot where the Region K contains low enstrophy levels, similar to °ow
in the ground vortex regime.
variation in enstrophy levels measured in Region K was re°ected in the mean en-
strophy measurements shown in Figure 6.8. Mean °ow angle measurements also
showed the wake to contain positive °ow angles in Region K, although this was
seen to approach negative values at the lower end of the normalised advance ra-
tio range, around ¹¤ ¼ 0:62. While the positive °ow angles imply the °ow to
be similar to the °ow-¯eld in the ground vortex °ow regime, the high enstrophy
levels measured in the wake show similarities to the wake in the recirculation °ow
regime. Additionally, the wake in this normalised advance ratio range was seen to
occur in the range where the step change in lateral cyclic inputs was seen to occur.
Based on these observations, a transition °ow regime, at the normalised advance
ratio range of 0:62 < ¹¤ < 0:7 is de¯ned, where the wake is seen to exhibitChapter 6. Discussion and Analysis 193
characteristics of the °ow from both the ground vortex and recirculation °ow
regimes. An example of this transition °ow regime is presented in Figure 6.12,
where the wake produced by the rotor operating at the normalised advance ratio
of ¹¤ = 0:64 is presented. Enstrophy measurements from the Region K is provided
in Figure 6.12 (a), where it was calculated that 51% of the sample had enstrophy
levels higher than the threshold. Snap-shots from the °ow-¯eld, showing a high
and low enstrophy value in Region K, is presented in Figures 6.12 (b) and (c),
and shows signi¯cant variations in the spread of vorticity in the °ow-¯eld. The
presence of this transition °ow regime in the ground e®ect wake implies a complex
°ow-¯eld and suggests that simple °ow visualisation techniques such as those used
by Curtiss et. al [24, 27] and Ganesh et. al [26, 36] cannot be used to accurately
de¯ne the ground e®ect °ow regimes, especially at the low normalised advance
ratios, where the mean recirculation and °ow separation occur upstream of the
rotor disk leading edge.
6.5 Implications of rotor parameters and ground
boundary con¯gurations on the °uid dynam-
ics the ground e®ect wake
Rotor parameters such as rotor ground distance, trim con¯gurations, collective
angles and blade root cut-out ratios (presented in Chapter 4), were seen to cause
insigni¯cant changes in the detailed structure of the ground e®ect wake. Changes
in these rotor parameters were however seen to a®ect the trailing wake velocities,
hence in°uencing the location where °ow separation occurred. This in turn had
an e®ect on the location and size of the mean recirculation region in the °ow-¯eld.
Increasing blade root cut-out ratio was seen to cause the °ow separation location
to shift by small magnitudes further upstream for comparable normalised advance
ratios (refer to Section 4.3.2), with an example presented in Figure 4.6. Shifts in
the °ow separation location imply that the di®erent ground e®ect °ow regimes
would occur at higher normalised advance ratios for rotors with higher blade root
cut-out ratios. Similar observations were made when rotor collective angles were
increased, as was shown in Figure 5.15, although the thrust normalised advanceChapter 6. Discussion and Analysis 194
ratios are usually considered during ground e®ect analyses to ensure comparisons
between similar wake states.
6.5.1 In°uence of rotor ground distance
Increasing rotor ground distance was seen to result in °ow separation to occur
closer to the rotor disk due to a change in the rotorwash velocities along the
ground plane. An analysis of the change in °ow separation locations between two
rotor ground distances was provided in Figure 5.13. At higher ground distances,
the dissipation of the wake, resulting from greater distances between the rotor disk
and the ground plane, causes the trailing wake velocities at the ground to be sig-
ni¯cantly lower than that measured at lower rotor ground distances. Velocity plots
presented in Figure 5.14 illustrated the variation in rotorwash velocities caused by
changing rotor ground distances, and showed that at comparable normalised ad-
vance ratios, the higher rotor ground distance was seen to result in °ow separation
to occur closer to the rotor disk, causing the mean recirculation region to be more
compact in size and located closer to the rotor. Lower rotorwash velocities also
mean that vorticity in the °ow-¯eld was seen to be con¯ned to °ow regions closer
to the ground plane, thus having a lesser e®ect on the °ow-¯eld above/around
the rotor disk, and hence having lesser in°uence on the performance of the rotor.
With the recirculation regime identi¯ed based on the observation of vorticity re-
ingestion through the rotor, the smaller vorticity dispersion radius resulting from
higher rotor ground distances thus mean that the classi¯cation of the wake into
the di®erent ground e®ect °ow regimes cannot be conducted at high rotor ground
distances. This was the case with the PIV results obtained from the h
R = 2:0 tests
conducted in this research.
6.5.2 In°uence of rotor trim
Varying rotor trim con¯gurations were also seen to cause insigni¯cant changes in
the detailed structures of the ground e®ect wake features, although small changes
in the °ow separation location were identi¯ed. For similar normalised advance
ratios, Figure 5.8 showed an untrimmed rotor con¯guration to cause a 0:1R shift
in °ow separation location further upstream compared to the quasi-trimmed rotor
con¯guration cases. Changes to the rotor thrust coe±cients, brought about by theChapter 6. Discussion and Analysis 195
Large Rotor Large Rotor
Quasi-Trimmed Untrimmed
Recirculation Regime 0.4 < ¹¤ < 0.62 0.4 < ¹¤ < 0.65
Transition Flow Regime 0.62 < ¹¤ < 0.7 0.65 < ¹¤ < 0.72
Ground Vortex Regime 0.7 < ¹¤ < 0.85 0.72 < ¹¤ < 0.87
Table 6.2: Comparison of the ground e®ect °ow regimes for the quasi-trimmed
and untrimmed Large Rotor con¯gurations tested with the ground moving at
Vg=V1 = 1.
changing trim con¯gurations, were seen to result in small di®erences in the trailing
wake velocities, which in turn caused this shift in °ow separation location. This
shift was seen to marginally a®ect the classi¯cation of the wake into the di®erent
ground e®ect °ow regimes. Table 6.2 shows the results from the quasi-trimmed
and untrimmed data obtained from the PIV tests conducted using the Large Rotor.
While the quasi-trimmed rotor con¯guration considered in this research accounted
for the vertical forces (and associated moments) acting on the Large Rotor, no
measurements were made of the side forces acting on the model. As such, this
quasi-trimmed rotor con¯guration considered in this research was not the true
trimmed state of the rotor. Accounting for all the forces and moments acting on
the Large Rotor may cause a bigger change in the location of the wake features and
result in further di®erences in the classi¯cation of the ground e®ect °ow regimes.
Results from these tests suggest that, while ground e®ect experimental testing
with an untrimmed or ¯xed pitch rotor model may not a®ect the °uid mechanics
of the ground e®ect wake, it will have an implication on the rotor performance
characteristics and the classi¯cation of the ground e®ect °ow regimes.
6.5.3 In°uence of ground boundary con¯gurations
Ground boundary conditions were seen to have the most in°uence on the °uid
mechanics of the ground e®ect wake, causing prominent changes to both the lo-
cation of °ow separation and detailed structures of the wake features. Figure 5.8
showed the moving ground boundary con¯guration to cause a 0:5R shift in the
°ow separation location closer to the rotor disk compared to the stationary ground
con¯guration, for comparable normalised advance ratios. This was seen to causeChapter 6. Discussion and Analysis 196
signi¯cant changes to the size and location of the mean recirculation zone and the
vorticity distribution within the ground e®ect °ow-¯eld.
Variations in the location and structure of the wake caused by the moving ground
boundary con¯guration can be attributed to the changes in the relative velocity
of the °ow close to the ground plane. For the stationary ground con¯guration, a
wind tunnel ground boundary layer, extending from the wind tunnel contraction
along the ¯xed ground plane, reduces the freestream °ow velocity very close to the
ground plane. With the ground moving at Vg=V1 = 1, this wind tunnel boundary
layer is considerably reduced; literature suggests the boundary layer displacement
thickness to be approximately 20% of that experienced with the ground station-
ary [97]. The freestream °ow velocity close to the ground plane is thus higher for
the moving ground con¯guration, causing interactions between the freestream and
trailing rotor wake and hence °ow separation to occur closer to the rotor disk.
Changes in the freestream velocity close to the ground plane, caused by the mov-
ing ground con¯guration is illustrated in Figure 6.13. Mean vorticity data, with
°ow separation occurring at similar ground locations for the two ground boundary
con¯gurations are presented in this ¯gure. With the rotor operated at a constant
rotational speed, it can be seen that the moving ground con¯guration (Vg=V1 = 1)
causes °ow separation to occur at a similar position to the stationary ground con-
¯guration (Vg=V1 = 0), at a lower normalised advance ratio (¹¤ = 0:62). The
moving ground con¯guration was also seen to cause an 18% increase in the vor-
ticity dispersion radius (as described in Section 5.2.2.3) in the °ow-¯eld compared
to the stationary ground case.
Smaller dispersion of vorticity in the °ow-¯eld caused by the stationary ground
con¯guration (Figure 5.11) meant that classi¯cation of the wake into the various
ground e®ect °ow regimes was di±cult to perform for this case, especially at the
low normalised advance ratios, where the mean recirculation region formed ahead
of the rotor disk. Figure 6.14 shows the di®erences in the lateral cyclic trim inputs,
mean enstrophy and mean °ow angle measured from Region K above the Large
Rotor, for both the ground boundary con¯gurations. Sample proportions showing
enstrophy values above the threshold enstrophy, ENt = 0:05, measured from bothChapter 6. Discussion and Analysis 197
(a) Quasi-trimmed rotor at ¹¤ = 0:76, (b) Quasi-trimmed rotor at ¹¤ = 0:62,
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Figure 6.13: Mean vorticity plots from the di®erent ground boundary con-
¯gurations, where the mean topological °ow separation point was located at
r
R ¼ 1:7. The Large Rotor was at a ground distance of 1.0R, and the moving
ground boundary con¯guration was seen to cause an 18% increase in vorticity
dispersion radius.
ground boundary con¯guration cases are also presented in Figure 6.14 (d).
In addition to the absence of the step-like change in lateral cyclic inputs corre-
sponding to over-running the ground vortex (see Figure 6.14 (a)), the stationary
ground con¯guration was seen to result in a lower mean enstrophy in Region K,
compared to the moving ground con¯guration, although a similar change in mean
°ow angle in Region K was observed for the range of normalised advance ratios
tested. The mean enstrophy and mean °ow angle plots in Figures 6.14 (b) and (c)
also show a step-like change between 0:66 < ¹¤ < 0:8 for the stationary ground
con¯guration (Vg=V1 = 0) cases, although this was less well-de¯ned compared to
the moving ground boundary con¯guration (Vg=V1 = 1) case. Consideration of
the enstrophy threshold and re-ingestion criterion de¯ned in Section 6.4.1, did not
allow for the recirculation °ow regimes to be de¯ned from the stationary ground
con¯guration case, with Figure 6.14 (d) showing less than 50% of the sample to
contain enstrophy values greater than the de¯ned threshold. An analyses of the
data however allowed for the ground vortex regime to be distinguished and this
was seen to occur at normalised advance ratios between 0:8 < ¹¤ < 0:87.
The absence of a distinct recirculation °ow regime for the stationary ground con-
¯guration tests can be attributed to the in°uence of the freestream velocity onChapter 6. Discussion and Analysis 198
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Figure 6.14: Mean topological separation points derived from the PIV data
for the ground e®ect wake at varying ¹¤ for all the experimental con¯gurations
tested. From the top, frame (a) shows the lateral cyclic inputs required to trim
the Large Rotor, frame (b) shows the mean enstrophy levels measured in Region
K, frame (c) shows the mean °ow angle measured in Region K and frame (d)
shows the proportion of the samples containing enstrophy values higher than
ENt = 0:05.Chapter 6. Discussion and Analysis 199
the tip vortices entering the °ow-¯eld. At comparable separation point locations,
the higher freestream velocity associated with the stationary ground con¯guration
(Vg=V1 = 0) case forces the tip vortices, entering the °ow-¯eld at the separation
point, back towards the rotor at a higher rate. The vorticity thus remains closer
to the ground, consequently resulting in smaller vorticity dispersion radii. In the
case of the moving ground con¯guration (Vg=V1 = 1), the lower freestream veloc-
ity allows for the tip vortices to be ejected further into the °ow-¯eld, before they
are transported back towards the rotor, resulting in a wider dispersion of vorticity
in the wake. Furthermore, more severe velocity gradients induced by the moving
ground con¯guration along the ground plane would facilitate secondary separa-
tion in the wake induced boundary layer, thus increasing the amount of negative
vorticity in the °ow-¯eld, as shown in Figure 6.13. Mutual interactions between
the close-lying counter-rotating positive and negative vortices as they leave the
ground plane, will induce further accelerations in the °ow, and may result in a
wider dispersion of vorticity in the °ow-¯eld. This e®ect will be less pronounced in
the stationary ground con¯guration cases, where the PIV data show the negative
vorticity in the °ow-¯eld to contain lesser magnitudes. Additionally, the smaller
vorticity dispersion radius caused by the stationary ground con¯guration can re-
sult in (co-rotating) tip vortices to be present within close vicinity of each other,
facilitating interactions between the vortices. This can result in the co-rotating
vortices to orbit each other, and may be a factor contributing to the accumulation
of vorticity close to the ground plane observed from the stationary ground con¯g-
uration results and the preliminary dust °ow visualisation and PIV experiments.
6.6 Wind tunnel experimentation of the rotor in
ground e®ect
Results from the ground e®ect experiments conducted with the moving ground
plane have shown some similarities with experimental data obtained from past
ground e®ect experiments. Table 6.3 presents a comparison of the ground e®ect
°ow regimes identi¯ed from °ow visualisation experiments conducted by Curtiss
et. al [24, 27] and those obtained from the Large Rotor PIV tests. Flow regime
boundaries presented for the Large Rotor results are based on the normalised ad-
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boundaries. A wider range of normalised advance ratios is required to be tested if
more accurate de¯nition of the ground e®ect °ow regime boundaries are sought.
Table 6.3 shows the results obtained from the Large Rotor tests to broadly coin-
cide with the classi¯cation of the ground e®ect °ow regimes de¯ned by benchmark
experiments conducted by Curtiss et. al [24, 27].
While the general de¯nition used by Curtiss et. al [24, 27] to classify the ground
e®ect wake was maintained for this research, the availability of instantaneous °ow
data showed the ground e®ect °ow-¯eld to be highly unsteady, particularly at the
lower normalised advance ratios (¹¤ < 0:66). While the recirculation °ow regime
was de¯ned through the identi¯cation of wake re-ingestion, it was observed from
the PIV data that the °ow-¯eld at these low normalised advance ratios were highly
unsteady, signi¯cantly a®ecting the vorticity locations in the °ow-¯eld and hence
the re-ingestion of the wake. Analyses of the PIV sample hence did not show a
consistent re-ingestion of the wake at any normalised advance ratio in the °ow-
¯eld as has been implied by Curtiss et. al [24, 27] and Ganesh et. al [26, 36].
A quantitative re-ingestion criterion, based on a pre-de¯ned threshold enstrophy,
was hence de¯ned to identify normalised advance ratios where the PIV showed a
signi¯cant proportion of the sample to show re-ingestion; this was used to classify
the wake into the recirculation °ow regime. Based on this enstrophy threshold
level, the ground vortex regime and a transition °ow regime, showing characteris-
tics of both the ground vortex and recirculation °ow regimes, were also identi¯ed.
Consideration of this enstrophy threshold and re-ingestion criterion allowed for
Curtiss et. al [24] Large Rotor PIV Data
¹¤ ¹¤
Ground distance 0.45D 0.5D
Rotor status Trimmed Quasi-Trimmed, Vg=V1 = 1
Recirculation Regime 0.4 < ¹¤ < 0.64 0.4 < ¹¤ < 0.62
Transition Flow Regime 0.62 < ¹¤ < 0.7
Ground Vortex Regime 0.64 < ¹¤ < 0.83 0.7 < ¹¤ < 0.85
Table 6.3: Comparison of the ground e®ect °ow regimes identi¯ed from the
PIV analysis with results published by Curtiss et. al [24, 27]. Results from the
quasi-trimmed rotor con¯guration tested with the ground moving at Vg=V1 = 1
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the unsteady and complex nature of the ground e®ect wake to be accounted for
in the ground e®ect °ow regime classi¯cation process and provides for a better
representation of the °ow-¯eld.
Although a slightly di®erent de¯nition of the ground e®ect °ow regimes was
adopted for this research, the general wake features identi¯ed in the ground e®ect
°ow-¯eld showed similarities to those identi¯ed by Curtiss et. al [24, 27]. This
was despite signi¯cant di®erences in the experimental set-ups between the two
research. While Curtiss et. al used a model rotor towed along a vast stretch of
ground to closely simulate the motion of a helicopter in forward °ight operations
near a stationary ground [24, 27], experiments conducted in this research were
performed with a stationary rotor model, with both the air and ground moving
at the same velocity around the model. Data obtained from both experiments
showed the ground vortex °ow regime to consist of a compact ground vortex
under the rotor disk. Measurements of signi¯cant cross-°ow velocities observed
from the stereo PIV measurements at these normalised advance ratios coincide
well with observations of signi¯cant lateral movement of smoke ¯laments made by
Curtiss et. al [24, 27]. In the recirculation °ow regime, Curtiss et. al observed
recirculation of the wake [24, 27], while the Large Rotor PIV results showed a
signi¯cant proportion of the PIV sample to show re-ingestion of vorticity present
in the °ow-¯eld. Similarities in the wake features between the two sets of results
suggest that ground e®ect experiments can be conducted in a wind tunnel facility,
although an accurate representation of the ground boundary con¯guration is vital
in the formation of wake features. Tests conducted with a stationary ground plane
showed the °uid mechanics of the wake to be signi¯cantly a®ected by the ground
boundary con¯gurations, and this was seen to have signi¯cant implications on the
de¯nition of the ground e®ect °ow regimes.
While it has been suggested that the complete removal of the ground boundary
layer is essential in obtaining accurate ground e®ect data in wind tunnels [98, 99],
the PIV experiments conducted with the moving ground con¯guration in this
research showed good compatibility with results from other more accurate repre-
sentations of the ground e®ect wake, despite the presence of a wind tunnel ground
boundary layer. Although the incorporation of the moving ground con¯guration
allowed for a better wind tunnel simulation of the actual °ow kinematics of theChapter 6. Discussion and Analysis 202
rotor in ground e®ect problem, the boundary layer associated with the wind tunnel
was not completely removed during these experiments. In these tests, the ground
boundary layer was allowed to develop over the °oor of the wind tunnel, until
the beginning of the rolling road, where the moving ground condition was imple-
mented. While this prevented the wind tunnel boundary layer to develop further,
the °ow along the moving ground would still be a®ected by a wind tunnel bound-
ary layer, modi¯ed because of the implementation of the moving ground boundary
condition. Removal of this wind tunnel boundary layer required a suction slot,
ideally placed just ahead of the moving ground to remove any wind tunnel bound-
ary layer formed by the freestream up to that point on the ground [100]. While
such a suction slot was available in the Argyll wind tunnel, it was not designed
to remove the thick boundary layer formed at low wind tunnel speeds. Ground
e®ect tests conducted with the suction slot operational, showed air from di®erent
directions around the tunnel working section to be drawn by it during the exper-
iments, thus interfering with the ground e®ect wake formed by the rotor. PIV
experiments of ground e®ect, conducted using the moving ground in this research,
were thus partially a®ected by a boundary layer along the rolling road, although
this would have been signi¯cantly less than that present along a ¯xed, stationary
ground plane.
Despite the presence of a ground boundary layer, comparison of the PIV data
with °ow visualisation results obtained by Curtiss et. al [24, 27] showed good
qualitative compatibility, in terms of the detailed structure of the wake features
in the di®erent ground e®ect °ow regimes. Results obtained from these PIV tests
thus show that ground e®ect experimentation in wind tunnels can re-create the
ground e®ect wake of a helicopter moving along the ground, so long as the ground
boundary conditions are simulated in some way. These experiments have demon-
strated the important e®ect of the moving ground on the formation of the wake
and have shown this to be vital in obtaining accurate representations of the ground
e®ect wake. These results suggest that the representation of the ground in both
experimental analyses as well as simulation studies of ground e®ect are vital in cap-
turing the °uid mechanics of the wake formation and the evolution of the resulting
°ow-¯eld.Chapter 7
Conclusions and Future Work
7.1 Conclusions
This research was based on the experimental investigation of the ground e®ect
wake of rotors in a wind tunnel environment. Qualitative and quantitative experi-
mental investigations of the ground e®ect wake produced by isolated rotor models
were conducted for a variety of °ight speeds, rotor parameters and ground bound-
ary con¯gurations using °ow visualisation and Particle Image Velocimetry (PIV).
Wide regions of the ground e®ect °ow-¯eld were investigated to track the evolution
of the ground e®ect wake structures and their in°uence on the °ow-¯eld surround-
ing the rotor. A review of the available literature has shown little quantitative
experimental research on the ground e®ect wake of rotors, and limited informa-
tion on the °uid dynamics associated with this °ow, and served as the motivation
for this research. Experimental ground e®ect wake research has been limited due
to the di±culties in conducting ground e®ect experiments in wind tunnel envi-
ronments. Issues associated with re-creating realistic ground boundary conditions
for ground e®ect forward °ight experiments and wind tunnel wall interference
e®ects on the developing ground e®ect wake have mainly discouraged experimen-
tal research on the ground e®ect wake. Additional issues in accurately obtaining
quantitative measurements from wide areas of the ground e®ect °ow-¯eld using
probe based techniques have contributed to the unavailability of accurate ground
e®ect wake data. These issues have meant that validation of computational and
numerical models of ground e®ect have been based on mostly qualitative experi-
mental information of the °ow-¯eld, and have also resulted in poor understanding
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of ground e®ect wake related problems, such as the brownout phenomenon and
helicopter control and handling issues experienced during ground e®ect operations.
Based on these, the objective of this research was to quantitatively investigate wide
areas of the ground e®ect °ow-¯eld of a rotor in a wind tunnel facility. Insights
into the °uid mechanics of the ground e®ect wake and in°uences of the wake
structures on the surrounding °ow-¯eld were sought. Additionally, the e®ects of
rotor parameters such as rotor trim and blade root cut-out ratios on the wake were
also to be investigated. Particular attention was also placed on the investigations
of the e®ects of ground boundary conditions on the formation of the ground e®ect
wake, as these have not been experimentally quanti¯ed. Based on these research
objectives, the following contributions have been made by this research:
1. Wide areas of the ground e®ect wake produced by an isolated rotor in a
wind tunnel environment were investigated using Stereoscopic Particle Im-
age Velocimetry (PIV). Three-component velocity measurements from the
°ow-¯eld were used to characterise the ground e®ect wake features and their
in°uence on the °ow-¯eld surrounding the rotor and was used in the de¯ni-
tion and classi¯cation of the ground e®ect °ow regimes.
2. Rotor related parameters were seen to cause minor changes in the location of
the °ow separation point of the ground e®ect wake with insigni¯cant e®ect
of the °uid mechanics of the wake. Rotor trim, de¯ned for this research, was
seen to cause small changes in the wake location and the classi¯cation of the
ground e®ect °ow regimes.
3. Wind tunnel interference e®ects were seen to only a®ect the °ow separa-
tion location, and these were most prominently observed at the lowest °ight
speeds tested, where the spread of the ground e®ect wake was observed to
be the greatest.
4. Ground boundary conditions were seen to a®ect the °uid mechanics of the
ground e®ect wake most signi¯cantly, causing changes in both the location
and the detailed structures of the wake features. Ground boundary condition
is thus the most in°uential factor on the formation of the ground e®ect wake
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5. The brownout phenomenon was re-created in a wind tunnel facility with
the use of talcum powder to simulate the ground debris. Flow visualisation
of the wake revealed the ground e®ect wake structures and dust transport
mechanisms that lead to the formation of the dust clouds that may cause
the so called brownout phenomenon.
Quantitative investigations of the ground e®ect °ow-¯eld conducted using stereo-
scopic (stereo) PIV allowed for velocity measurements of wide regions of the ground
e®ect wake produced by an isolated rotor model designed especially for these ex-
periments. A range of normalised advance ratios, rotor ground distances, rotor
trim, collective angles, blade root cut-out ratios and ground boundary conditions
were investigated during these tests. Experiments conducted with a quasi-trimmed
rotor operated in moving ground con¯gurations were seen to provide the most ac-
curate representation of a helicopter operating in ground e®ect forward °ight, and
this was used to investigate the °uid mechanics associated with the ground ef-
fect wake. The main features of the ground e®ect °ow-¯eld identi¯ed from these
investigations were a track of tip vortices trailing from the rotor disk along the
ground upstream of the rotor disk, a °ow separation point along the ground plane
and a resulting region of recirculation. Interactions of the rotor wake expanding
along the ground and the oncoming freestream was seen to cause a °ow separa-
tion point. Tip vortices associated with the rotor wake were seen to move away
from the ground at the separation point and re-directed back towards the rotor by
the freestream, forming a mean recirculation zone between the rotor and the °ow
separation zone.
Unlike observations made from past ground e®ect research, the mean recirculation
in the ground e®ect wake was seen to evolve from a wide region of low magnitude
vorticity, encompassing large portions of the °ow-¯eld ahead of the rotor disk, at
low normalised advance ratios, to a compact ground vortex under the rotor disk
at higher normalised advance ratios. The rotor wake trailing along the ground
plane was also observed to induce a ground boundary layer and the passage of
the high strength rotor tip vortices along the ground plane was seen to cause
secondary separation in this ground boundary layer. Negative vorticity, resulting
from this separation were carried by the freestream together with the tip vortices
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of positive and negative vorticity. Three-component velocity measurements from
the stereo PIV showed signi¯cant °uctuations of the cross-°ow velocity, and these
were seen to coincide with the locations of vorticity in the °ow-¯eld. Measure-
ments of the mean cross-°ow velocity components from several planes parallel to
the rotor longitudinal plane of symmetry implied the presence of a horse-shoe vor-
tex in the ground e®ect wake, behind a parabolic °ow separation line. At low
normalised advance ratios, this horse-shoe vortex was seen to occupy wide regions
of the °ow-¯eld encompassing the mean recirculation regions observed from the
PIV data. The trailing rotor tip vortex system was seen to extend under this
mean recirculation region and wrap round the horse-shoe vortex tube as it leaves
the °ow separation point. Unsteadiness associated with the °ow-¯eld was seen
to cause °uctuations of the °ow separation boundary, causing the freestream to
transport vorticity picked up at the °ow separation point along di®erent trajecto-
ries. This was seen to cause a constantly evolving °ow-¯eld, identi¯ed through the
instantaneous PIV results. At higher normalised advance ratios, °ow separation
occurring under the rotor disk was seen to result in a horse-shoe shaped ground
vortex under the rotor leading edge. Vorticity from the expanding rotor wake was
seen to feed this ground vortex, and signi¯cant cross-°ow velocity components
were observed near the location of this ground vortex.
PIV data from tests conducted at a range of normalised advance ratios allowed
for the ground e®ect wake to be classi¯ed into di®erent °ow regimes. Although
previous research have de¯ned the ground e®ect wake into a recirculation and
ground vortex regime, it was seen that these de¯nitions could not be used to
categorise the PIV data. This was particularly the case in the recirculation °ow
regime, where past research have implied a well-de¯ned recirculation of the rotor
wake to be observed in the °ow-¯eld. PIV data obtained from this research did
not show this to be observed at any normalised advance ratio, with the °ow-¯eld
instantaneously varying, causing signi¯cant di®erences in vorticity distribution.
A re-ingestion criterion based on a threshold enstrophy level was hence used to
de¯ne the recirculation °ow regime. This criterion identi¯ed the wake to be in
the recirculation °ow regime when more than 75% of the recorded sample showed
vorticity levels in a particular region of the °ow-¯eld above the rotor disk to be
higher than the threshold enstrophy level, ENt = 0:05. The ground vortex °ow
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and this was accompanied by an up°ow near the rotor disk, and the appearance
of a step-like change in lateral cyclic inputs required to trim the rotor. Enstro-
phy measurements above the rotor disk also showed none of the instantaneous
PIV data to contain high vorticity levels above the rotor disk, signifying no wake
re-ingestion through the rotor. Analyses of the PIV data also showed a range of
normalised advance ratios where the °ow-¯eld exhibited the characteristics of the
wake in both ground vortex and recirculation regimes. The wake in this range
was classi¯ed to be in the transition °ow regime, with signi¯cant proportions of
the sample showing re-ingestion of the wake. Mean °ow angle near the rotor
disk was also measured to be positive, signifying an up°ow near the rotor which is
characteristic of the °ow in the ground vortex regime. Consideration of this enstro-
phy threshold and re-ingestion criterion ensured that the unsteady nature of the
ground e®ect wake was incorporated in the wake °ow regime classi¯cation process.
Rotor parameters were seen to have an insigni¯cant e®ect on the °uid mechanics
of the ground e®ect wake. Parameters such as the rotor ground distance, collective
angles and blade root cut-out ratios were seen to cause a change in the velocities
of the rotorwash trailing along the ground, which in turn, was seen to a®ect the
°ow separation location. The resulting size and mean vorticity strength of the
recirculation zone were also seen to be altered by this shift in the °ow separation
location, and these in turn will a®ect the classi¯cation of the wake into the di®er-
ent °ow regimes. Variations in rotor trim con¯guration was seen to cause a 0:1R
change in the °ow separation locations, with no signi¯cant changes in the wake
°uid mechanics identi¯ed. Results from these tests imply that ground e®ect test-
ing with ¯xed pitch (untrimmed) rotor models will not a®ect the °uid mechanics
of the ground e®ect wake, although they will alter the ground e®ect °ow regimes;
classi¯cations of the ground e®ect wake obtained from the untrimmed Large Rotor
tests showed small variations compared to the quasi-trimmed con¯guration tested.
With only a quasi-trim state of the Large Rotor considered in this research, it is
expected that the fully trimmed Large Rotor will cause further di®erences in the
wake classi¯cation, although no alterations to the detailed wake features are ex-
pected.
Wind tunnel ground boundary con¯gurations were seen to have the most signi¯-
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changes to both the location and detailed wake structures. A stationary and a
moving ground condition was considered in this research through the use of a
rolling road, with the ground moved with a freestream equivalent velocity to pro-
vide a more realistic simulation of a helicopter in ground e®ect forward °ight.
The moving ground con¯guration was seen to alter the freestream velocity close
to the ground, hence a®ecting the °ow separation location; at comparable ad-
vance ratios, the moving ground caused °ow separation to occur 0:5R closer to
the rotor disk, compared to the results from the stationary ground con¯guration.
At comparable separation point locations, the °ow-¯eld produced by the moving
ground con¯guration was seen to contain a loop of tip vortices while the sta-
tionary ground con¯guration was seen to cause vorticity to accumulate closer to
the ground; this di®erence is caused by the lower freestream speed required by
the moving ground con¯guration to cause °ow separation to occur at comparable
ground locations. Di®erences in velocity gradients in the wake induced boundary
layer, brought about by the varying ground boundary conditions, also meant that
lesser secondary separation occurred in the °ow-¯eld for the stationary ground
cases. Lower velocities of the freestream and interactions between the close-lying
positive and negative vortices will result in a greater dispersion of vorticity in the
°ow-¯eld produced by the moving ground con¯guration compared to the station-
ary ground con¯guration; this was quanti¯ed through the enstrophy dispersion
radius parameter. The accumulation of vorticity close to the ground, caused by
the stationary ground condition, meant that classi¯cation of the wake into the
di®erent ground e®ect °ow regimes could not be performed, especially for the re-
circulation °ow regime which is based on the observation of wake re-ingestion.
Veri¯cation of the Large Rotor PIV results with data from a smaller rotor model,
showed wind tunnel interference e®ects on the ground e®ect wake to be insignif-
icant, mainly causing small shifts in the °ow separation locations at the lowest
°ight speeds tested. Results from this research imply that experiments represen-
tative of helicopter °ights in ground e®ect can be accurately conducted in wind
tunnels so long as suitably sized rotor models and ground boundary conditions,
representative of actual °ight conditions, are modelled. Through these experi-
ments, it was seen that this could be achieved by employing a moving ground
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the ground e®ect wake and by employing rotor models with model-span-to-tunnel-
width ratios lesser than 0.3.
Talcum powder °ow visualisation experiments conducted during this research with
a stationary ground plane, enabled the visualisation of the main ground e®ect
°ow features, and allowed for a simulation of the dust clouds associated with the
brownout phenomenon. Observations near the ground showed the rotor wake ex-
panding along the ground plane to cause particles to be uplifted from the ground,
and dust transport mechanisms such as saltation, traction and suspension to occur
in the wake. It was seen that the high velocities associated with the rotor wake
expanding along the ground, resulted in the entrainment and uplift of the dust
particles. These particles were seen to be convected by the freestream, together
with the tip vortices leaving the ground, into the recirculation region, resulting in
the formation of the dust clouds. Passage of the tip vortices close to the ground
plane was also seen to induce secondary separation in the °ow-¯eld, and these
were seen to be ejected into the °ow-¯eld along di®erent trajectories together with
the tip vortices. Visualisation of dust clusters appearing and disappearing from
the plane of observation provided further evidence for the three-dimensional na-
ture of the wake. Quantitative PIV data from experiments conducted with an
identical rotor set-up showed most of the dust particles to exist within the mean
recirculation region, where most of the vorticity associated with the tip vortices
was observed. Velocity °uctuations measured from the PIV data showed instances
where vorticity was transported close to the rotor disk, and this was associated
with the occasions where the °ow visualisation sequences showed dust particles to
reach regions of the °ow far above the rotor. Results from these experiments sug-
gest that these complex transport mechanisms need to be accurately implemented
within simulation codes if accurate brownout dust cloud prediction models are to
be created.
7.2 Recommendations for Future Work
Work presented in this dissertation has provided some quantitative measurements
from the ground e®ect wakes of rotors. E®ects of some rotor parameters, wind
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ground e®ect wake of the rotors were considered during these investigations. While
some progress in quantitatively measuring wide regions of the ground e®ect °ow-
¯eld has been made, further research can be conducted to investigate the ground
e®ect wake.
In the case of the brownout dust cloud °ow visualisations, the experiments were
conducted using talcum powder as the dust particles. These were introduced
into the °ow-¯eld by simply allowing the rotor wake trailing along the stationary
ground plane to pick up the dust. While these allowed for a good understanding
of the dust transport mechanism, these experiments were conducted over a static
ground plane. With the PIV investigations showing signi¯cant e®ects of ground
boundary conditions on the formation of the ground e®ect wake features, more
realistic representations of the ground boundary conditions are required to study
the interactions of the debris and the ground e®ect °ow features. These may have
implications on the overall distribution and the size of the resulting dust cloud.
One approach that can be considered in this case would be to employ a moving
rotor model in the wind tunnel to recreate the boundary conditions necessary in
forward °ight. This can also be modi¯ed to investigate transient manoeuvres such
as landing or take-o® routines.
Furthermore, a variety of particle sizes could be considered to track the changes to
the dust cloud distribution during brownout operations. Simultaneous qualitative
and quantitative measurements of the °ow-¯eld can also be attempted to allow
for the dust, velocity and vorticity associated with the tip vortices to be tracked.
Recent experiments conducted by Leishman et. al employ high speed °ow visual-
isation and PIV to track the particle pick-up mechanisms occurring at the ground
during hover in brownout conditions [101]. A similar approach can be employed
for the forward °ight condition tests.
Three-dimensional measurements of the °ow-¯eld using stereo PIV allowed for
velocity measurements along a single longitudinal plane of the °ow-¯eld. While
wide regions of the °ow-¯eld were covered and revealed signi¯cant cross-°ow °uc-
tuations, the causes for these °uctuations are still unknown. Further PIV inves-
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allow for further insights into the three-dimensional nature of the wake. More-
over, these experiments could be used to gain insights into the characteristics of
the horse-shoe vortex in the °ow-¯eld.
While the PIV experiments provided adequate spatial resolution of the ground
e®ect wake, no temporal information from the °ow-¯eld was recorded. Laser
Doppler Velocimetry or other probe bases techniques could be used to investigate
the variations in °ow separation point °uctuations observed to occur between the
di®erent ground boundary cases. Additionally, measurements of the dust cloud
°uctuations could also be performed to determine frequency components associ-
ated with the dust cloud formation. These tests could also be used to investigate
the secondary separation in the °ow-¯eld, caused by the tip vortices passing over
the ground plane. Variations to the in°ow through the rotor disk at di®erent °ight
speeds could also be considered through the use of probe-based techniques.
While the ground boundary con¯gurations were varied during the PIV exper-
iments, a ground boundary layer was still a®ecting the formation of the ground
e®ect wake in the experiments conducted. Although the experimental results from
the conducted experiments showed good correlation to results from more realistic
ground e®ect experiments, the ground boundary layer would still have an e®ect
on the wake and could alter important °ow structures. This could include e®ects
on the negative vorticity observed in the °ow-¯eld as well as the location of the
separation points on the ground. E®ects of this ground boundary layer on the
ground e®ect wake could be investigated by employing suitable techniques to re-
move the boundary layer. This will also allow for the experiments to be conducted
with a more realistic representation of the ground boundary conditions associated
with ground e®ect. Additionally, the Large Rotor can be completely trimmed to
investigate any e®ect of trim on the ground e®ect wake symmetry and °ow regime
classi¯cations of the ground e®ect wake.Appendix A
Particle Image Velocimetry
Early °uid °ow measurements were conventionally conducted using probe based
techniques such as hot-wire anemometry and pressure transducers. The necessity
to insert probes into the °ow-¯eld to be measured makes these techniques spa-
tially limited to speci¯c points. Experimental measurements using probe-based
techniques are considered intrusive; in some cases, the insertion of probes into
the °ow-¯eld can alter the °ow structures and make measurements of vortical or
highly three-dimensional °ows di±cult to perform accurately. Flow measurements
using these techniques are also in°uenced by ambient e®ects such as temperature,
pressure and humidity, and non-linearity e®ects which require calibration. Such
issues compound the di±culties of using these techniques in measuring highly un-
steady or three-dimensional °ows [102]. The advent of laser technology, in the late
1960s, led to the development of tracer based optical °ow measurement techniques
such as Laser Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV).
These techniques involve visualisations of tracer seeded °ows and hold an advan-
tage over probe based techniques because of their non-invasive measurements of
the °ow. While LDV is spatially limited to speci¯c points in the °ow, PIV holds
further advantage over the other experimental techniques because of its capabili-
ties of measuring wide areas of °ow. In this research, this ability was one of the
de¯ning factors in the choice of PIV as the main experimental technique.
One of the added bene¯cial features of PIV is its ability to produce instantaneous
°ow information over large °ow regions. While this provides the spatial resolution
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that can be unrivalled by most other experimental techniques, it lacks in tempo-
ral resolution capabilities that probe based techniques possess. This limitation
however, has been recti¯ed by the development of high frequency lasers and high
camera frame rates, which now allow for time-resolved PIV to be possible [102].
With PIV being a mature and well-developed experimental technique, many varia-
tions of the PIV technique exist, ranging from holographic PIV, to dual-plane PIV
[103] and even micron-resolution PIV [104]. In the context of this research, the PIV
method that would be employed to measure the ground e®ect °ow-¯eld is based
on gathering three-dimensional °ow information from a two dimensional slice of
the °ow-¯eld. Known as Stereoscopic Particle Image Velocimetry, this is derived
from two-dimensional, two-component PIV. The basics of the PIV technique and
a summary of concepts used in Stereoscopic PIV in acquiring three-dimensional
velocity information from a two-dimensional slice of the °ow-¯eld are provided in
the upcoming sections.
A.1 Principles of Particle Image Velocimetry
PIV is a well developed experimental technique, brought to prominence in the
early 1990s. It involves the tracking of a °ow through the use of particles seeding
the °ow-¯eld. Velocity of the °uid °ow is derived from measuring the displace-
ments of the tracer particles seeding the °ow, within a speci¯ed time frame [105].
With the assumption that the particles faithfully follow the °ow-¯eld, the veloc-
ity of the particles correspond to the velocity of the °ow-¯eld at that instant of
time [106]. A conventional PIV system is made up for four primary components.
Firstly, a suitable particle medium is required to seed the °ow-¯eld under inves-
tigation. A light source is required to illuminate the region of the °ow-¯eld of
interest. Scattering of the light source by the tracer particles seeding the °ow-¯eld
is recorded by an imaging system which captures two exposures of the illuminated
°ow. Image and signal processing algorithms are used to process the recorded im-
ages to extract the particle displacement information necessary in reconstructing
the velocity information of the °ow [107].
While a range of imaging systems can be used to record the °ow-¯eld, the PIV
technique commonly employed today makes use of digitally recorded images ofAppendix A. Particle Image Velocimetry 214
the °ow-¯eld. This was introduced as a replacement to PIV conducted using pho-
tographic material, and was quickly adopted as a favourite among researchers as
it removed the need for long photograph processing times and allowed for eas-
ier reconstruction of °ow velocities [108]. Known as digital PIV (DPIV), modern
adaptations of the PIV concept are based on this. Figure A.1 provides a schematic
of the di®erent components of the DPIV system. The arrangement shown in this
¯gure is typical of a PIV arrangement used to measure two-dimensional velocity
information from a two-dimensional slice of the °ow-¯eld. This is commonly re-
ferred to as two-dimensional two-component (2D2C) PIV.
∆t (Inter-pulse Time Delay)
Laser
Laser Light Sheet
Cylindrical Lens
Tracer Particles
(Size exaggerated)
Imaging System
(Normal to object plane)
Image Analysis System
Correlation Analysis
Resulting Vector Map
Region of Interest
(Object Plane)
Interrogation
Spot
Figure A.1: Components of a digital PIV system [102].Appendix A. Particle Image Velocimetry 215
The concept of PIV is based on the tracing of °uid °ow through the light scatter-
ing properties of particles seeding the °uid. Velocities of the °uid °ow are inferred
from the velocity of the tracer particles suspended in the °uid °ow, making the
accuracy of the PIV measurements strongly dependent upon the ability of the
particles in faithfully following the °ow [109]. Choosing suitable tracer particles
to seed the °uid °ow is thus essential in PIV, as this can result in errors even
before the PIV experiment is commenced. Theories related to particle dynamics
have proven that neutrally buoyant particles exhibit excellent °ow tracing proper-
ties in highly turbulent, accelerating or vortical °ow-¯elds. In general, identifying
neutrally buoyant particles for PIV experiments conducted in liquid °ows is not
di±cult, as the size of liquid molecules generally tend to be large. In gaseous °ows
such as air, where the molecules sizes are smaller, this tends to be a more di±cult
procedure. In this case, the general principle is to use particles which are generally
small in size, as these are usually seen to have good responses in accelerating °ow-
¯elds [103, 109]. For °ow investigations conducted in air, it is common practice
to employ oil-based particles as seeding. These generally are produced through
smoke/mist generators, which vapourise oils to produce a mist of particles with
nominal particle diameters between 1-2¹m [109].
Besides the mechanical properties of the tracer particles, their associated optical
properties are also important in PIV, as the light scattering properties of the par-
ticles are used to measure their relative displacements and hence the °uid velocity.
For small particles, typical of those used in PIV, the Lorentz-Mie theory can be
used to describe the intensity of scattered light caused by the particles encounter-
ing light beams at di®erent angles [78]. A typical Mie scattering intensity diagram,
as shown in Figure A.2, for a small spherical particle, would show lobes of inten-
sity at di®erent angles, with the lobes at the front (at 0o scattering angle) and
at the back (at 180o scattering angle) the longest, indicating the highest scatter-
ing intensity [110]. Consideration of the scattering intensity of light is important
for PIV, which relies on this scattering property. With reference to Figure A.1,
the set-up for the 2D2C PIV constitutes of the image recording system arranged
normal (90o) to the object plane, which contains the tracer particles. This ar-
rangement means that 2D2C PIV operates at 90o (side) scatter, where the tracer
particles do not scatter light with maximum intensity [111]. This means that a
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in the °uid so that adequate scattered light can be captured by the imaging sys-
tem. Frequently, in PIV applications, the °uid °ow is illuminated by a frequency
doubled Nd:YAG laser with an optical wavelength of 532nm. Suitable cylindrical
lenses are used to expand the laser beam into a thin lightsheet which usually has a
Gaussian pro¯le [78]. Usually a light sheet thickness of around 1¡2mm is sought,
to minimise measurement errors caused by out-of-plane movement of the particles
[107]. The laser system used is normally pulsed to emit short bursts of intense high
energy light to illuminate the tracer particles in the required plane of the °ow-¯eld.
Figure A.2: Scatter intensity diagram for a 1¹m oil particle in air. Lobes at
0o and 180o show greatest scatter intensity at these angles [110].
In digital PIV, two successive images of the illuminated plane are required to
determine the displacement of the particles. Pulses of the laser illuminating a plane
in the °ow-¯eld are usually separated by a short time period, usually referred to
as the inter-pulse time delay, ¢t [78]. With ¢t between the two exposures known,
the particle velocity, u(x,t), in the plane of contention can be determined using
the equation,
u(x,t) = lim
¢t!0
¢ x(x,t)
¢t
(A.1)
where ¢x(x,t) represents the displacement of the particles within the laser light
sheet. The two pulses of the laser light sheet are usually recorded on some form of
recording medium. This depends on the imaging system used. In the case of digital
PIV, a CCD (charged coupled device) chip camera is usually used [78, 107]. Both
pulses of the laser can be recorded on a single frame or multiple frames, and this
a®ects how the PIV analysis is carried out. Single frame images are recorded withAppendix A. Particle Image Velocimetry 217
both the laser pulses recorded within one frame [78]. This usually means that the
displacement and speed of the particles can be determined without any knowledge
of the velocity. Referred to as directional ambiguity, this was a common problem in
early PIV, conducted using photographic medium [108]. Numerous methods have
been developed to overcome this issue, and some include introducing time-coded
exposures [112], varying the pulse intensities of the laser [103], or employing image
shifting techniques [113]. Usage of video CCD cameras can remove this directional
ambiguity as the cameras are capable of recording multiple images in succession.
This is typically applied in current digital PIV techniques and is referred to as
multi frame PIV [78]. In this case, each laser exposure is captured on a single im-
age, and with the recording sequence known, the directional ambiguity is resolved.
While this method allows for a simpler image analysis process to resolve the °uid
velocity, it comes with a disadvantage of having lower image resolution compared
to PIV carried out using photographic ¯lm [108].
Image pairs recorded by the imaging system are then analysed by image analysis
algorithms to derive particle displacement information, which are then used to
measure the velocities in the °ow-¯eld. Numerous image analysis techniques exist,
and the choice usually depends on the type of image recorded. Particle density
within the recorded images play an important part in determining whether particle
tracking techniques or correlation algorithms are applied to the PIV images. A
sparsely populated PIV image could easily be analysed using particle tracking
methods, as the relatively small amount of particles within the images mean that
particle motion patterns can easily be detected [103, 106]. While this analysis can
be employed with relative ease, the sparsity of the images mean that ¯ner details
of the °ow can be lost [110]. More conventional PIV employs densely populated
images, where correlation schemes are better suited to derive particle displacement
information. In this case, each PIV image is split into smaller tiles known as
interrogation spots or windows. These square tiles are usually between 32 £ 32
pixels and 128£128 pixels in size [107]. It is thus essential for correlation based PIV
to be conducted with adequate seeding to allow for su±cient particles to appear
within each interrogation tile [114]. With the assumption that all the particles
within a tile follow a general displacement pattern in the same direction according
to the motion of the °uid, a correlation analysis is performed on the image to detect
the magnitude of the displacement [110]. For single frame, multiple exposureAppendix A. Particle Image Velocimetry 218
images, auto-correlation is used, whereby each interrogation tile is correlated with
itself [106, 107]. In the case of multi-frame exposures, interrogation tiles from
the same region of the image from each frame are cross-correlated [108, 114]. To
reduced computational demands, cross-correlation analyses in DPIV are usually
performed via fast fourier transform (FFT) in the frequency domain. This is
then transformed back to the spatial domain to acquire the particle displacement
information. Correlation analysis (whether auto or cross correlation) of the PIV
images usually result in a displacement peak, which is o®set from the centre of the
interrogation window by the displacement magnitude of the particles. Usually a
Gaussian surface ¯t or a centroid detection algorithm is implemented to improve
the accuracy of the measurements of the correlation peak location [78]. This will
give better accuracy in the displacement information derived from the °ow-¯eld
and the corresponding velocity information of the °ow-¯eld. Additional techniques
to reduce errors associated with the detection of correlation peaks have also been
introduced to minimise measurement errors in DPIV [115, 116].
A.1.1 Calibration process for 2D2C PIV
While image analysis of the raw PIV data provides the pixel displacement infor-
mation, this needs to be converted to the physical displacements of the particles
in the °ow-¯eld, before velocity information of the °ow can be derived. This con-
version is carried out using a calibration process, which is used to account for any
distortion or magni¯cation e®ects between the image and object plane. Usually
a calibration grid containing markers (such as dots, crosses or squares) is placed
within the laser light sheet in the region of interest [78]. With the camera ¯xed in
the same position as during the PIV image recording process, transfer functions
are used to de¯ne the di®erences between the locations of the markers in the im-
age plane and in the object plane on the calibration grid [110]. These functions
are then employed to convert the pixel displacements derived from the PIV im-
ages, into physical particle displacements. Equation A.1 is then used to derive the
velocities associated with the particle displacements measured.Appendix A. Particle Image Velocimetry 219
A.1.2 Consistency of PIV data
De-correlation e®ects during image processing, can lead to erroneous vectors to
be de¯ned within the PIV vector map. Usually referred to as wild vectors, these
spurious vectors are identi¯ed by their deviations from the general °ow direction,
identi¯ed through comparisons with neighbouring vectors [107]. Common causes
of these inconsistencies in the °ow-¯eld include poor signal to noise ratio between
the correlating images (caused by the lack of illumination on one image), low seed-
ing density, poor focusing of the imaging system and large out-of-plane velocity
components [78, 107]. PIV parameters, such as the user de¯ned interrogation tile
size and inter-pulse time delay, ¢t, can also cause de-correlation between the im-
ages [110]. To minimise user-determined de-correlation e®ects, useful guidelines
have been provided regarding the choice of inter-pulse time delays [110], seeding
densities and tile sizes [117].
Wild vectors present in PIV vector maps can usually be corrected during post
interrogation processes to ensure valid interpretations of the °ow-¯eld. These pro-
cesses essentially condition the interrogated images, and reliance on these tech-
niques to produce acceptable velocity maps suggest a fundamental problem in the
PIV experiment. Post-interrogation processes in PIV essentially consist of two
stages, vector detection and correction. Vector detection processes are used to
identify the spurious vectors in a velocity map. The most commonly used method
is a Coherence method, based on comparing vectors within a 3 £ 3 pixels ¯lter
map of the vector ¯eld [107]. Each vector within the ¯ltered map has an assigned
coherence value and a comparison with a spurious vector would result in a value
excessive of a user-de¯ned tolerance limit [118]. The identi¯ed erroneous vector
is then passed through a vector correction scheme, which replaces the spurious
vector identi¯ed by a vector derived from the velocity of its neighbouring vectors.
Bi-linear interpolation schemes are used during this correction process [110]. This
Coherence method is commonly used in PIV post-processing despite its proven
limitations [119]. Other more recent, sophisticated wild vector detection and re-
placement schemes have also been implemented with good success. Some of these
include the forward/reverse tile test method employed by Green et. al [64] and a
method of increasing signal to noise ratio in the correlation process to aid in the
removal of wild vectors [117].Appendix A. Particle Image Velocimetry 220
A.1.3 Errors in PIV
Velocity information derived from PIV have been known to be a®ected by two
forms of errors, bias errors and random errors [78]. Random errors are caused
by experimental uncertainty and are di±cult to predict. These can be di±cult
to eliminate from the system, with care taken in the experimental setup a way
to minimise this [110]. Bias errors are usually associated with the PIV systems,
and can be recti¯ed through the implementation of post-processing algorithms, in
some cases, or by following guidelines from other similar experiments [78]. Some
of the bias errors a®ecting PIV data include digitisation e®ects, image bit depth
and image density e®ects and velocity bias errors [110].
Digitisation e®ects in PIV occur when the imaged °ow seeding particles are too
small in size to be adequately de¯ned as a distinctive image. This is an e®ect
of the limited spatial resolution of the CCD sensors used in digital cameras and
most prominently a®ect digital PIV experiments. The limited pixel size of these
cameras result in reduced ¯ne detail resolution, at a given magni¯cation. The
small tracer particles in the °ow-¯eld are thus imaged without an accurate pro-
¯le [110]. This results in a phenomenon known as \peak-locking", which occurs
when the particle images cannot provide enough information to accurately predict
the particle displacement [107]. While the particles provide an image allowing for
cross-correlation, the sub-pixel image of the particles, mean that the ¯ner velocity
details cannot be derived from the images. The displacements derived from the
correlation processes thus tend to be biased to integer-values resulting in clus-
ters of vectors in the derived velocity maps to have angular, block-like changes in
velocity. Histograms relating to the velocities will show peaks at integer values
[78]. Peak-locking e®ect is commonly seen in digital PIV data, and numerous al-
gorithms are available to resolve peak-locked PIV data [78].
Image density e®ects relate to situations where the interrogation tiles are sparsely
populated. This results in the signal to noise ratio between the images to be
poor, resulting in wild vectors to be developed in the °ow-¯eld. Errors related to
this can be easily recti¯ed by the introduction of more tracer particles into the
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measurements [117].
Interrogation window sizes can also result in biasing errors and these are usually
referred to as velocity bias errors. When a °ow contains high velocity variations
within small regions of the °ow, consideration of small interrogation windows can
cause errors. High velocities of the particles in this case can cause the second
exposure of the PIV image to not feature the particles, thus resulting in poor
correlation [103]. Employing larger interrogation window sizes can reduce this
error, although too large interrogation window sizes can result in velocity maps
with low vector resolution. This can cause important details in the °ow-¯eld
to be lost. Appropriate tile sizes can be chosen by careful considerations of the
maximum velocities experienced within the local °ow-¯eld, and these can be used
to set appropriate inter-pulse time delays [110].
A.2 Principles of Stereoscopic Particle Image Ve-
locimetry
Concepts of particle image velocimetry presented in Section A.1 can be employed
to derive the out-of-plane velocity information from a two-dimensional slice of
the °ow-¯eld. This branch of obtaining three-dimensional velocity measurements
from a two-dimensional slice of the °ow-¯eld is referred to as Stereoscopic Par-
ticle Image Velocimetry. Simultaneous images of the °ow-¯eld region of interest
are recorded by two cameras, placed o®-axis to the same region of interest. This
is unlike conventional two-dimensional two-component (2D2C) PIV, which makes
use of a single camera placed normal to the object plane to be recorded. One
shortcoming of 2D2C PIV pertains to inaccuracies in the measurements of the
two dimensional velocities in the plane due to perspective errors. This is par-
ticularly the case in highly three dimensional °ows with signi¯cant out-of-plane
velocity components. Out-of-plane motion of the tracer particles are projected
onto the imaging plane, causing an over-estimation (or under-estimation) of the
in-plane velocity components [120]. The utilisation of two cameras, placed o® axis
to the object plane being recorded, ensures two di®erent views of the same region
of interest in the °ow. The respective in-plane displacements combined with theAppendix A. Particle Image Velocimetry 222
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Figure A.3: Perspective Error due to the projection of the out-of-plane veloc-
ity on a 2D image plane [121]
representative camera o®-axis angles are then used to derive accurate in-plane dis-
placement information and the out-of-plane displacements [121].
Figure A.3 illustrates the error arising in the 2D2C PIV measurements of in-plane
displacements. As can be seen from the ¯gure, the viewing angle of the imaging
system to the location of the particle results in the out-of-plane velocity component
to be projected onto the two-dimensional image plane. The resulting error, "x, is
referred to as the perspective error and is given by the equation [121]:
¢x
0 ¡ ¢x = "x (A.2)
The perspective error, can be expressed in terms of the perspective angle µ (i.e the
angle between the camera lens axis and the normal of the object plane) as [65]:
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Errors in the measured in-plane velocities are removed when two cameras o®set
from one another, by known perspective angles, are used to record images of the
same region of interest (ROI) [122]. Referring back to Figure A.3, and considering
the image to show the left camera, the measured displacement from the cameras
can be represented by [65]:
¢x
0
L = ¢x + ¢z tanµL (A.4)
¢x
0
R = ¢x + ¢z tanµR (A.5)
With the perspective angles µL and µR measured during the experiment, the two
equations can be used to re-construct the out-of plane velocity component, as well
as obtain accurate two-dimensional in-plane velocity information [65]:
¢x =
¢x0
L tanµR ¡ ¢x0
R tanµL
tanµR ¡ tanµL
(A.6)
¢z =
¢x0
R ¡ ¢x0
L
tanµR ¡ tanµL
(A.7)
Through literature, it is apparent that two di®erent stereoscopic PIV arrangements
exist; namely, the translation (linear displacement) system and the rotational (an-
gular displacement) system. The distinction between the two systems lie in the
orientation of the imaging plane [111, 120, 122{124], and a schematic of the two
systems are presented in Figure A.4. In the translation system, both the cameras
are aligned such that the object plane, image plane and lens plane are all parallel
to each other [120]. This is illustrated in Figure A.4 (a), and although the transla-
tion system represented in this image appears to be symmetric about the system
axis, this condition is not necessary for its implementation [124]. In the rotational
con¯guration represented by Figure A.4 (b), the camera lens plane is not parallel
with the object plane; it is rotated such that the lens axes intersects the object
plane at the system axis [124].
Simplicity in the arrangement of the cameras in the translation system with respect
to the object plane result in good focusing and uniform magni¯cations across theAppendix A. Particle Image Velocimetry 224
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Figure A.4: Di®erence between the translational and angular displacement
stereoscopic PIV con¯gurations [123]
imaged region of interest [124]. With both cameras arranged such that the object
plane, image plane and lens plane are parallel, both the cameras will record iden-
tical ¯elds-of-view. Combination of these ¯elds-of-view to re-construct the veloc-
ity information would therefore be a straight-forward process, without additional
post-processing that would be required for non-uniform magni¯cation images [120].
These factors contribute to the advantage held by the translation system to the
rotational stereoscopic PIV system. However, a major disadvantage of this system
is the small combined ¯eld-of-view obtained from this system in comparison to the
rotational system [111, 124]. This is a result of a maximum perspective angle, µ,
that can be established between the centre of the object plane and then centre of
the lens axis [123]. Limitations in the perspective angles are based on the cam-
era lens performance limitations, which signi¯cantly degrade when it is forced to
operate outside its performance limit, which will occur when the set perspective
angle is too large. The main inaccuracies of the translation system occurs in the
out-of-plane velocities, with research suggesting a 40% degradation in the out-of-
plane accuracy compared to the rotational system [125].
The rotational system has been deemed to be more di±cult to implement in ex-
perimental conditions [78]. This con¯guration further complicates the process of
obtaining velocity information from the raw images, as extensive image-processing
of the raw images have to be conducted to re-construct the velocity information.
However, if successfully implemented, this con¯guration allows higher accuracy to
be obtained for the out-of-plane velocity, and hence allows more accurate in-planeAppendix A. Particle Image Velocimetry 225
velocity information to be extracted. In the rotational system, the camera lens
plane is rotated with respect to the object plane so that higher perspective angles
can be achieved. This allows for wider regions of the °ow-¯eld to be imaged [124].
This arrangement of the camera lens plane introduces non-uniform magni¯cation
across the image plane. To ensure that all regions of the imaged ¯eld-of-view are
in good focus, the image plane has to be further rotated, such that the object
plane, image plane and lens plane are all collinear [111]. Known as the Sheimp°ug
condition, this is achieved by the usage of special Scheimp°ug adaptors mounted
in between the camera and lens, which allows for the camera image plane to be
rotated independently of the lens plane. Compliance with the Scheimp°ug condi-
tion, however means that the rotational systems leads to further non-uniformity
in the magni¯cation [124]. Furthermore, the oppositely rotated lens planes mean
that the resulting images are oppositely stretched. This therefore requires the
images to ¯rst be independently interpolated into a common grid and then the
non-uniform magni¯cation e®ects to be tackled [124].
Based on the rotational system, the PIV cameras could also be arranged on op-
posing sides of the laser light sheet, to exploit the light scattering intensity of the
tracer particles in the forward/back scatter position. First proposed by Willert,
this system makes use of the higher light scattering e±ciency possessed by par-
ticles in forward scatter to achieve higher signal-to-noise ratio [123], allowing for
better correlation between the images. A schematic of this rotational PIV set-up
is presented in Figure A.5. Like the conventional rotational stereoscopic PIV sys-
tems, an interpolation is still required to combine the °ow information from the
separate cameras onto a common grid, although in this case, both the images will
be stretched in the same direction [123].
A.2.1 Calibration Procedure
As in the case of the 2D2C PIV, the physical displacement of the tracer particles
need to be derived from the PIV images, before the velocity information of the
°ow-¯eld can be re-constructed. This requires a calibration process, done to map
the pixel locations of the image and the physical location of the object plane.
The calibration also ensures that the presence of any image distortion e®ects are
accounted for during the transformation of the displacement information fromAppendix A. Particle Image Velocimetry 226
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Figure A.5: Angular displacement stereoscopic PIV set-up with the cameras
operating in forward scatter [123].
the image plane to the object plane. It is common to use a non-linear mapping
function to represent image distortion e®ects and for stereo PIV calibration, this
is also employed [126]. Usually a Taylor series expansion can be used to derive
the non-linear function that maps the image plane to the object plane. If the
acquired images su®er from more severe distortion e®ects, higher order Taylor
series terms can be considered. This will provide the function F, that maps, the
physical particle displacement, dp to the image pixel displacement, Dp, according
to the equation [126],
Dp = F(dp) (A.8)
As in the case of the 2D2C PIV, a calibration grid of markers is placed within
the ¯eld-of-view of the cameras, and images of the calibration grid are recorded
to derive the mapping functions. In Stereoscopic PIV, the need to determine
the perspective distortions in the °ow-¯eld require multiple images of the plane
parallel to the object plane to be recorded. This can be conducted using a stepped
calibration grid, which contains two distinct levels [78]. A mapping function for
each camera is obtained, which are then used to combine the individual camera
images into a single image containing three-dimensional displacement information.Appendix A. Particle Image Velocimetry 227
The inverse of the mapping function is then applied to the combined image to
convert the pixel displacements into physical displacements.Appendix B
Large Rotor Blade Pitch
Calibration Curves
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Figure B.1: Calibration Curve for the collective blade pitch angles for the
Large Rotor. The plot shows the calibration of the top plate of the rotor system
with respect to its base plate for a range of blade collective angles, µ0.
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Figure B.2: Calibration Curve for the longitudinal cyclic blade pitch angles
for the Large Rotor. The plot shows the calibration of the voltage measured
by the longitudinal displacement transducer for a range of longitudinal cyclic
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Figure B.3: Calibration Curve for the lateral cyclic blade pitch angles for the
Large Rotor. The plot shows the calibration of the voltage measured by the
lateral displacement transducer for a range of lateral cyclic angles, µ1c.Appendix C
Large Rotor PIV Experimental
Results
C.1 Mean PIV Data
C.1.1 E®ect of advance ratio
In°uences of advance ratio on the mean ground e®ect °ow-¯eld, produced by
the other experimental con¯gurations tested with the Large Rotor are illustrated
through a comparison of the mean vorticity plots at a range of normalised ad-
vance ratios, as shown in Figures C.1 to C.3. A di®erent ¯eld-of-view (Figure
5.2 (b), View 2) was used for the higher normalised advance ratio (¹¤ > 0:62)
tests presented in these ¯gures, to capture the full extent of the ground e®ect °ow
features in these cases. In this ¯eld-of-view (View 2), artefacts caused by poor
beam quality at the far edge of the light sheet, were seen to cause strong negative
vorticity at the extreme top left edge (above the disk) of the vorticity plots and are
ignored during analyses of the data. In°uences of rotor trim and ground boundary
conditions on the ground e®ect wake can also be identi¯ed through a comparison
of these ¯gures with Figure 5.12, presented in Chapter 5 .
Variations in normalised advance ratio was seen to in°uence the location of °ow
separation and formation of the mean recirculation (vorticity) zone. Figures C.1 to
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C.3 show the mean recirculation region forming closer to the rotor disk at progres-
sively higher normalised advance ratio settings, for all the con¯gurations tested.
This is brought about by a shift in the mean °ow separation location, caused by
changes in the relative freestream velocity, V1. At low normalised advance ratio,
the mean recirculation zone was seen as a large region of low magnitude vortic-
ity, an example shown in Figure C.3 (a). As the normalised advance ratio was
increased, °ow separation occurred nearer the rotor disk, and the resulting mean
recirculation zone was seen to become a more compact region of higher magnitude
vorticity. At a particular normalised advance ratio, this mean recirculation region
evolved into a concentrated vortex which was formed under the rotor disk leading
edge, an example of which is shown in Figure C.3 (h). This ground vortex was
seen to possess vorticity magnitudes comparable to the vorticity strength of the
tip vortex system under the rotor disk, featured in this plot.
Variations in the rotor trim con¯gurations, as shown through a comparison of Fig-
ures C.1 and C.2, was seen to have little impact on the ground e®ect °ow features,
except causing a slight shift in the mean °ow separation locations. Through anal-
yses of the topological °ow separation location from the PIV data, rotor trim was
seen to cause a 0:1R shift in the °ow separation location. This in turn was seen
to result in small changes in the size of the mean recirculation regions.
Variations in ground boundary conditions however, as shown through a comparison
of Figures C.1 and C.3, was seen to result in more signi¯cant di®erences in the
structure of the ground e®ect features, as well as cause a greater shift in the
mean recirculation regions. PIV data showed the moving ground con¯guration
(Vg=V1 = 1) to cause °ow separation to occur around 0:5R closer to the rotor
disk, a change signi¯cantly greater than that caused by variations in rotor trim
con¯gurations. Additionally, the moving ground boundary con¯guration was seen
to result in a change in the distribution of vorticity within the mean recirculation
zone. Through the mean vorticity plots presented in Figure C.3, it can be seen that
the tip vortex system trailing along the ground plane followed a more de¯ned loop-
like path into the mean recirculation zone for the tests conducted with the moving
ground boundary con¯guration. A direct comparison with the stationary ground
con¯guration (Vg=V1 = 0) cases, as shown in Figure C.1 showed the vorticity to
accumulate close to the centre of the mean recirculation zone, for the range ofAppendix C. Large Rotor Experimental Data 232
normalised advance ratios tested. This di®erence in the vorticity dispersion was
quanti¯ed by the mean enstrophy dispersion radius of the °ow, calculated from the
PIV data (Refer to Section 5.2.2.3). The moving ground boundary con¯guration
was also seen to result in greater prominence of the negative vorticity in the °ow-
¯eld.
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(c) Rotor at¹¤ = 0:62 (d) Rotor at ¹¤ = 0:66
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(e) Rotor at¹¤ = 0:7 (f) Rotor at ¹¤ = 0:74
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(g) Rotor at¹¤ = 0:79 (h) Rotor at ¹¤ = 0:85
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Figure C.1: Mean Vorticity plots at a range of normalised advance ratios (¹¤)
with the rotor untrimmed and the ground stationary (Vg=V1 = 0). The rotor
was at a ground distance of 1.0R and the frames show the evolution of the mean
recirculation zone brought about by a change in the normalised advance ratio.Appendix C. Large Rotor Experimental Data 233
(a) Rotor at ¹¤ = 0:45 (b) Rotor at ¹¤ = 0:51
r/R
y
/
R
 
 
1 1.5 2 2.5
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
−15
−10
−5
0
5
10
15
Freestream
r/R
y
/
R
 
 
1 1.5 2 2.5
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
−15
−10
−5
0
5
10
15
Freestream
(c) Rotor at¹¤ = 0:62 (d) Rotor at ¹¤ = 0:66
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(e) Rotor at¹¤ = 0:7 (f) Rotor at ¹¤ = 0:76
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(g) Rotor at¹¤ = 0:8 (h) Rotor at ¹¤ = 0:87
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Figure C.2: Mean Vorticity plots at a range of normalised advance ratio (¹¤)
with the rotor quasi-trimmed and the ground stationary (Vg=V1 = 0). The
rotor was at a ground distance of 1.0R and the frames show the evolution of the
mean recirculation zone brought about by a change in the normalised advance
ratio.Appendix C. Large Rotor Experimental Data 234
(a) Rotor at ¹¤ = 0:4 (b) Rotor at ¹¤ = 0:46
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(c) Rotor at¹¤ = 0:51 (d) Rotor at ¹¤ = 0:62
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(e) Rotor at¹¤ = 0:66 (f) Rotor at ¹¤ = 0:70
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(g) Rotor at¹¤ = 0:76 (h) Rotor at ¹¤ = 0:79
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Figure C.3: Mean Vorticity plots at a range of normalised advance ratio (¹¤)
with the rotor untrimmed and the ground moving (Vg=V1 = 1). The rotor was
at a ground distance of 1.0R and the frames show the evolution of the mean
recirculation zone brought about by a change in the normalised advance ratio.Appendix C. Large Rotor Experimental Data 235
C.2 Instantaneous PIV Data
Figures C.4 - C.6 present samples of instantaneous °ow-¯eld produced with di®er-
ent rotor trim and ground con¯guration tests conducted at a normalised advance
ratio of ¹¤ ¼ 0:60. Comparisons of these ¯gures with Figure 5.17 (Section 5.4.1)
illustrate the e®ect of rotor trim and ground boundary con¯gurations on the in-
stantaneous ground e®ect °ow-¯eld. From the ¯gures, it is immediately obvious
that the ground e®ect °ow-¯eld was characterised by clumps of positive and neg-
ative vorticity. Positive vorticity clumps were seen to possess varying vorticity
strengths, with most of the high magnitude positive vorticity clumps observed
closer to the ground, and those higher up in the °ow-¯eld seen to possess lower
magnitudes. This was especially noticeable for the stationary ground (Vg=V1 = 0)
cases, as can be seen from Figures C.4 and C.5.
The instantaneous ground e®ect °ow-¯elds produced by varying rotor trim con¯g-
urations showed little di®erences, in terms of the detailed wake structures. Di®er-
ences between the instantaneous vorticity plots presented in Figures C.4 and C.5
are unnoticeable, although the mean PIV data indicated rotor trim to result in a
small shift in the mean °ow separation location, for similar normalised advance
ratio settings. Similar observations can also be made between Figure C.6 and
Figure 5.17 for the moving ground (Vg=V1 = 1) con¯guration.
Comparisons of the °ow-¯eld produced by the di®erent ground boundary con¯g-
urations, however, showed more signi¯cant di®erences. For the stationary ground
(Vg=V1 = 0) cases, the oppositely signed vorticity clumps appeared to be inter-
woven throughout the imaged wake regions. In these cases, most of the vorticity
in the wake was seen to concentrate within a particular region of the °ow-¯eld.
Figures C.4 (b) and (c) and Figures C.5 (b) and (c) show high magnitude positive
vorticity to be present near the ground plane, and a comparison with correspond-
ing mean vorticity data for these cases showed this to occur near the centre of
the mean °ow recirculation zones. Preliminary ground e®ect tests, described in
Chapters 3 and 4, showed similar results, and this can be attributed to similarities
between the experimental ground boundary con¯gurations maintained during the
tests. Additionally, instances of wide-spread vorticity distribution throughout the
imaged °ow regions were also observed from the results and examples of this areAppendix C. Large Rotor Experimental Data 236
shown in Figures C.4 (b) and (c). In these plots, vorticity clumps, with signi¯cant
strengths were seen close to the rotor disk plane, implying that ingestion of vor-
ticity, as described by Curtiss et. al [24, 27], can take place. Instances of implied
vorticity re-ingestion through the rotor disk were seen to occur in the °ow-¯eld
until the normalised advance ratio which resulted in the formation of a compact
vortex under the rotor disk.
In the case of the °ow-¯eld produced by the moving ground (Vg=V1 = 1) con¯gura-
tion, vorticity associated with the tip vortices leaving the ground at the separation
point, was seen to exist around a loop within the mean recirculation zone. Figure
C.6 (a) provides a good representation of this process. Through a comparison
with mean vorticity data from the °ow-¯eld, it was seen that this loop of positive
vorticity clumps border the mean recirculation zone. This is unlike observations
from the stationary ground con¯guration (Vg=V1 = 0) results presented in Fig-
ures C.4 and C.5, where most of the vorticity was seen to be accumulated around
the centre of the mean recirculation zone. As the normalised advance ratio was
increased and the mean °ow separation point location occurred closer to the rotor
disk, the positive vorticity clumps were seen to maintain their loop-like trajectory
around the perimeter of the mean recirculation zone, which was seen to be more
compact in size. This was observed to result in the formation of larger ground
vortices under the rotor leading edge (as seen in Figure C.3 (g)), compared to the
stationary ground con¯guration case (Figure C.2 (h)).
Instantaneous vorticity plots presented in these ¯gures also show the prominence
of the clumps of negative vorticity in the ground e®ect °ow-¯eld. Much like the
positive vorticity, the negative vorticity clumps were also seen to possess varying
magnitudes. Generally, the further the °ow separation point from the rotor, the
lesser the strength of these negative vorticity clumps. Figure C.4 and Figure C.5,
showing examples from the stationary ground con¯guration (Vg=V1 = 0) tests,
reveal no obvious pattern in the location of these negative vorticity clumps, which
appear to be interwoven with the positive vorticity clumps in the °ow-¯eld. This
was unlike observations from the moving ground con¯guration (Vg=V1 = 1), shown
in Figure C.6, where the majority of the negative vorticity clumps were seen to
border the tip vortices as they trailed along the ground plane and formed a loop
within the mean recirculation zone. In the stationary ground con¯guration cases,Appendix C. Large Rotor Experimental Data 237
(a) Flow separation at r=R = 2:16 (b) Flow separation at r=R = 2:44
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(c) Flow separation atr=R = 2:12 (d) Flow separation at r=R = 2:32
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Figure C.4: Instantaneous vorticity plots at ¹¤ = 0:61 with the rotor
untrimmed and the rolling road stationary (Vg=V1 = 0). The rotor was at
a ground distance of 1.0R and the mean topological °ow separation point was
at r
R = 2:31.
(a) Flow separation at r=R = 2:38 (b) Flow separation at r=R = 2:01
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(c) Flow separation atr=R = 2:28 (d) Flow separation at r=R = 2:41
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Figure C.5: Instantaneous vorticity plots at ¹¤ = 0:62 with the rotor quasi-
trimmed and the rolling road stationary (Vg=V1 = 0). The rotor was at a
ground distance of 1.0R and the mean topological °ow separation point was at
r
R = 2:23.Appendix C. Large Rotor Experimental Data 238
(a) Flow separation at r=R = 1:66 (b) Flow separation at r=R = 1:71
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(c) Flow separation atr=R = 1:76 (d) Flow separation at r=R = 1:82
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Figure C.6: Instantaneous vorticity plots at ¹¤ = 0:61 with the rotor
untrimmed and the rolling road moving (Vg=V1 = 1). The rotor was at a
ground distance of 1.0R and the mean topological °ow separation point was at
r
R = 1:74.
most of the high magnitude negative vorticity appeared to be located around the
°ow separation region, close to the vicinity of the high magnitude positive vorticity
clumps accumulating near the ground plane. Examples of this are seen from Figure
C.4 (a) and Figure C.5 (b). In instances where the positive vorticity was more
distributed throughout the °ow-¯eld, as seen in Figure C.4 (b) and Figure C.5 (c),
the negative vorticity was seen to follow the same trend of being more distributed,
with those higher up in the °ow-¯eld possessing lesser strength than those observed
nearer the ground.
C.3 Flow Unsteadiness
Figure C.7 presents histograms of the positions of the instantaneous °ow separa-
tion points and the representative mean topological °ow separation point location
for a range of normalised advance ratios, for the stationary ground (Vg=V1 = 0)
con¯guration. Results from a quasi-trimmed rotor con¯guration, tested at nor-
malised advance ratios resulting in comparable mean °ow separation point lo-
cations are presented in this ¯gure to facilitate a direct comparison between thisAppendix C. Large Rotor Experimental Data 239
¯gure and Figure 5.19 presented in Chapter 5, for the moving ground (Vg=V1 = 1)
boundary con¯guration. Figure C.7 shows the °uctuations of the separation points
to be more pronounced across the normalised advance ratio range for the stationary
ground (Vg=V1 = 0) case than when compared to the moving ground (Vg=V1 = 1)
con¯guration cases presented in Figure 5.19. This is inferred from the spread of the
separation point locations about the mean, with Figure C.7 showing the stationary
ground cases to have more histogram bins at all the normalised advance ratios,
compared to the moving ground con¯guration cases. Results from this analysis
suggests that the °uctuations of the separation point locations in the wake was
less severe in the moving ground cases than in the stationary ground cases.
As in the moving ground con¯guration cases, results from the stationary ground
con¯guration tests also showed the degree of the separation point °uctuations
to vary with normalised advance ratio. Figure C.7 (a) presenting the data from
¹¤ = 0:51, shows most of the sample separation points to be located around the
mean, exhibiting small scale °uctuations. The plot also reveals instances of large
separation point deviations in the °ow-¯eld; these can be seen from the histogram
bins located around r
R < 1:6, where all of these large deviations in instantaneous
°ow separation locations tended to occur ahead of the calculated mean. At the
higher normalised advance ratio of ¹¤ = 0:67 shown in Figure C.7 (b), the high
amplitude deviations disappear and the °ow-¯eld is seen to be characterised by
more moderate °uctuations about the mean. This was also the case at ¹¤ = 0:81,
presented in Figure C.7 (c), where most of the deviations from the mean were
observed to occur beyond the mean separation point location.
These statistical analyses of the °ow separation point locations indicate the ground
e®ect wake to experience greater wake °uctuations at the lower normalised advance
ratios, with the °ow-¯eld showing more large amplitude deviations. At higher nor-
malised advance ratio, the °uctuations appeared more moderate around the mean.
These trends were observed for both the ground boundary con¯gurations tested
and were also seen in the °ow-¯eld produced by the untrimmed rotor. While both
the ground con¯guration cases show similar trends, the separation point °uctu-
ations experienced with the moving ground (Vg=V1 = 1) cases were smaller in
amplitude compared to that observed from the °ow-¯eld produced by the station-
ary ground (Vg=V1 = 0) cases, implying a steadier wake, at least in terms of theAppendix C. Large Rotor Experimental Data 240
(a) Rotor at ¹¤ = 0:51
1 1.5 2 2.5 3
0
10
20
30
40
50
60
70
80
90
100
Topological separation point location, r/R
c
o
u
n
t
,
 
%
 
 
Instantaneous
mean
(b) Rotor at¹¤ = 0:67
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(c) Rotor at¹¤ = 0:81
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Figure C.7: Spread of the instantaneous °ow separation point locations in the
recorded PIV sample, for a range of normalised advance ratios (¹¤), with the
rotor quasi-trimmed and at a ground distance of 1:0R and the ground stationary
(Vg=V1 = 0). Frames also present the mean °ow separation position derived
from the average PIV data.Appendix C. Large Rotor Experimental Data 241
separation point locations. These results coincide well with previous experimen-
tal results which suggest greater separation point °uctuations along stationary
ground planes with thick boundary layers [127]. Since these ground e®ect tests
were conducted at relatively low speeds in the Argyll wind tunnel, experiments
conducted with the stationary ground would result in a thick boundary layer along
the ground plane, compared to the moving ground con¯guration tests. Variations
in the separation point locations may contribute to the di®erences in the tip vortex
trajectories observed in the ground e®ect °ow-¯eld, and evidence for this was seen
from the instantaneous vorticity plots presented in Figure C.5. Changes in the
vorticity distribution in the °ow-¯eld can in turn result in velocity °uctuations
to be experienced in the °ow-¯eld, contributing to the overall unsteadiness of the
wake.
C.3.1 Root-mean-square Velocity Fluctuations
Figures C.8 - C.10 show the contour plots of the RMS °uctuations of the local
velocity about the local mean, non-dimensionalised with respect to the hover in-
duced velocity, Vh, for the other experimental con¯gurations tested with the Large
Rotor. This can be compared to Figure 5.20 presented in Section 5.5.1 to high-
light the variations in the °ow-¯eld brought about by the di®erent rotor trim and
ground boundary con¯gurations.
All the experimental con¯gurations presented here show the RMS velocity °uctu-
ations to become con¯ned within smaller regions of the wake as the normalised
advance ratio was increased. Con¯nement of the °uctuations within smaller wake
regions coincided with the changes in the mean recirculation zone sizes observed
from the mean vorticity plots presented in Figures C.1 - C.3, with the peak RMS
velocity °uctuations seen to occur within the mean recirculation zones. At the
lower normalised advance ratios, where the mean °ow separation occurred far up-
stream from the rotor disk, the RMS °uctuations appeared to a®ect parts of the
°ow-¯eld beyond the mean recirculation zone. At higher normalised advance ra-
tios, most of the velocity °uctuations were seen to occur within smaller regions of
the °ow-¯eld, and these °uctuations were seen to possess higher magnitudes.Appendix C. Large Rotor Experimental Data 242
Rotor trim e®ects on the RMS velocity °uctuations experienced in the ground
e®ect °ow-¯eld were insigni¯cant, although major di®erences could be spotted in
the wake produced by the di®erent ground boundary con¯gurations. In both the
untrimmed and quasi-trimmed rotor con¯gurations, the stationary ground con¯g-
uration (Vg=V1 = 0) tests, presented in Figures C.8 and C.9, show the highest
magnitude °uctuations to occur around the centre of the recirculation region, just
above the ground plane. When compared to this, the RMS velocity °uctuation
data for the moving ground con¯guration (Vg=V1 = 1) cases, presented in Figure
C.10 and Figure 5.20, show the highest magnitude °uctuations to occur around
a loop within the mean recirculation zone, and these were seen to possess lower
magnitudes compared to the results from the stationary ground con¯guration tests.
High magnitudes of the RMS velocity data suggest large scale °uctuations of the
ground e®ect °ow structures to be a likely source of these velocity °uctuations.
Analyses of the instantaneous PIV data and the RMS data showed the peak RMS
°uctuations to occur in regions where the highest magnitude vorticity were located.
This was especially noticeable along the trailing tip vortex system and within the
mean recirculation region, and suggests that the variations in the location of the
high magnitude vortices was the cause of the velocity °uctuations in the °ow-
¯eld. For the stationary ground (Vg=V1 = 0) cases, where most of the vorticity
was seen to accumulate close to the centre of the mean recirculation zone, the
highest magnitude RMS velocity °uctuations were seen to occur in these areas.
A comparison between Figure C.4 and the RMS velocity °uctuation plot, shown
in Figure C.8 (a) provide evidence for this. For the moving ground (Vg=V1 = 1)
cases, the RMS plots show the highest magnitude velocity °uctuations around a
loop bordering the recirculation zone. In this case, the high magnitude vorticity
were seen in similar locations, and a comparison between Figure C.6 and the RMS
plot in Figure C.10 (c) illustrates this. Analyses of the RMS velocity °uctuation
data suggest the ground boundary con¯guration to have a signi¯cant e®ect on the
distribution of vorticity and hence the extent of velocity °uctuations experienced
in the ground e®ect °ow-¯eld. Comparisons of Figures C.8 and C.10, show wider
regions of the °ow-¯eld a®ected by velocity °uctuations for the moving ground
(Vg=V1 = 1) con¯guration, although the °uctuations were seen to occur with
greater magnitudes within smaller regions for the stationary ground (Vg=V1 = 0)
cases.Appendix C. Large Rotor Experimental Data 243
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(c) ¹¤ = 0:79 (d) ¹¤ = 0:85
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Figure C.8: RMS velocity °uctuations at a range of normalised advance ratios
with the rotor untrimmed and the rolling road stationary (Vg=V1 = 0). The
rotor was at a ground height of 1.0R and the RMS velocity °uctuations are
normalised with Vh.
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(c) ¹¤ = 0:7 (d) ¹¤ = 0:87
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Figure C.9: RMS velocity °uctuations at a range of normalised advance ratios
with the rotor quasi-trimmed and the rolling road stationary (Vg=V1 = 0). The
rotor was at a ground height of 1.0R and the RMS velocity °uctuations are
normalised with Vh.Appendix C. Large Rotor Experimental Data 244
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(c) ¹¤ = 0:62 (d) ¹¤ = 0:76
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Figure C.10: RMS velocity °uctuations at a range of normalised advance
ratios with the rotor untrimmed and the rolling road moving (Vg=V1 = 1). The
rotor was at a ground height of 1.0R and the RMS velocity °uctuations are
normalised with Vh.
C.4 Cross-°ow velocity in the ground e®ect wake
C.4.1 Mean cross-°ow velocity
Stereoscopic (stereo) PIV tests conducted with the Large Rotor are presented in
Figures C.11 - C.13 and can be compared to Figure 5.23, presented in Section 5.6.2,
to di®erentiate between the wake produced by the di®erent rotor trim and ground
boundary con¯gurations. These ¯gures present contour plots showing the mean
velocity magnitudes in the ground e®ect wake, derived from the three-component
velocity measurements, and the corresponding mean cross-°ow (w) velocity in the
°ow-¯eld, for a range of normalised advance ratios.
Comparisons between the varying rotor trim con¯guration cases showed little dif-
ferences in the °ow-¯eld, although signi¯cantly higher velocity magnitudes were
observed in the wake when the ground boundary con¯gurations were altered. This
can be seen through a comparison of Figure C.11 and C.13, where the trailing rotor
wake along the ground plane was seen to contain higher velocity magnitudes in theAppendix C. Large Rotor Experimental Data 245
moving ground (Vg=V1 = 1) cases than the stationary ground (Vg=V1 = 0) cases.
This is a direct consequence of the ground boundary condition on the wake. For
comparable normalised advance ratios, the shift of the °ow separation point closer
to the rotor disk, brought about by the moving ground con¯guration, results in the
rotor wake trailing along the ground plane to be less dissipated compared to the
stationary ground cases, thus resulting in the °ow-¯eld produced by the moving
ground boundary con¯guration to contain higher magnitude velocities. Similar
results can be seen between the quasi-trimmed rotor cases presented in Figure
C.12 and Figure 5.23, and these will have an implication on the quantity of dust
picked up from the ground, if the rotor is operated close to an erodible ground
surface. With the velocities along the ground plane higher, the moving ground
(Vg=V1 = 1) con¯guration is expected to cause more dust particles to be uplifted
from the ground plane, and result in bigger dust cloud sizes.
Di®erences in magnitudes of the mean cross-°ow velocity, w, experienced in the
ground e®ect wake were also seen to be caused by the varying ground bound-
ary con¯gurations. As in the case of the moving ground boundary con¯guration,
results from the stationary ground con¯guration tests show the mean cross-°ow
velocity in the wake at all the normalised advance ratios tested to generally be of
low magnitudes, although these were seen to be comparatively higher than those
experienced with the moving ground. For comparable °ow separation locations,
Figures C.11 (h) and C.12 (h) show the highest cross-°ow velocity magnitudes
recorded in the °ow-¯eld to be around w = 0:4Vh, compared to the moving ground
con¯guration cases shown in Figure C.13 (h) and Figure 5.23 (h), where the highest
cross-°ow velocity magnitudes experienced in the °ow-¯eld was around w = 0:2Vh.
Results from the stationary ground con¯guration (Vg=V1 = 0) cases showed very
low cross-°ow velocity in the majority of the °ow-¯eld at the lowest normalised
advance ratios tested, besides the presence of a region of negative cross-°ow ve-
locity coinciding with the trailing rotor wake expanding along the ground plane.
As the mean recirculation region formed closer to the rotor disk at higher nor-
malised advance ratios, a region of weak negative cross-°ow was seen to form in
the °ow-¯eld and this was seen to broadly coincide with the location of the mean
recirculation region. Further increments in normalised advance ratios were seenAppendix C. Large Rotor Experimental Data 246
to result in the formation of regions of weak positive cross-°ow. These were espe-
cially noticeable when a compact ground vortex was formed under the rotor disk,
as shown in Figures C.11 (h) and C.12 (h) and may be associated with the jet
velocities induced by the tip vortices as they merge to form the ground vortex.
(a) ¹¤ = 0:64: Velocity Magnitude (b) w-velocity component
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(c) ¹¤ = 0:72: Velocity Magnitude (d) w-velocity component
r/R
y
/
R
 
 
0.5 1 1.5 2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0
0.5
1
1.5
2
2.5
3
Freestream
r/R
y
/
R
 
 
0.5 1 1.5 2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
Freestream
(e) ¹¤ = 0:79: Velocity Magnitude (f) w-velocity component
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(g) ¹¤ = 0:87: Velocity Magnitude (h) w-velocity component
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Figure C.11: Mean velocity plots showing the velocity magnitudes and mean
cross-°ow (w) velocity in the °ow-¯eld. In these cases, the rotor was untrimmed
and at a ground distance of 1.0R and was operated with the ground stationary
(Vg=V1 = 0).Appendix C. Large Rotor Experimental Data 247
(a) ¹¤ = 0:51: Velocity Magnitude (b) w-velocity component
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(c) ¹¤ = 0:65: Velocity Magnitude (d) w-velocity component
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(e) ¹¤ = 0:72: Velocity Magnitude (f) w-velocity component
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(g) ¹¤ = 0:86: Velocity Magnitude (h) w-velocity component
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Figure C.12: Mean velocity plots showing the velocity magnitudes and mean
cross-°ow (w) velocity in the °ow-¯eld. In these cases, the rotor was quasi-
trimmed and at a ground distance of 1.0R and was operated with the ground
stationary (Vg=V1 = 0).Appendix C. Large Rotor Experimental Data 248
(a) ¹¤ = 0:45: Velocity Magnitude (b) w-velocity component
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(c) ¹¤ = 0:56: Velocity Magnitude (d) w-velocity component
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(e) ¹¤ = 0:67: Velocity Magnitude (f) w-velocity component
r/R
y
/
R
 
 
0.5 1 1.5 2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0
0.5
1
1.5
2
2.5
3
Freestream
r/R
y
/
R
 
 
0.5 1 1.5 2
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
Freestream
(g) ¹¤ = 0:76: Velocity Magnitude (h) w-velocity component
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Figure C.13: Mean velocity plots showing the velocity magnitudes and mean
cross-°ow (w) velocity in the °ow-¯eld. In these cases, the rotor was untrimmed
and at a ground distance of 1.0R and was operated with the ground moving
(Vg=V1 = 1).Appendix C. Large Rotor Experimental Data 249
C.4.2 Instantaneous cross-°ow velocity in the ground ef-
fect °ow-¯eld
Instantaneous cross-°ow velocity maps, obtained from the stationary ground bound-
ary con¯guration, also showed signi¯cant cross-°ow velocity magnitudes to exist in
the instantaneous °ow-¯eld. An example of this is provided in Figure C.14, which
shows the instantaneous cross-°ow (w) velocity contour plots and the correspond-
ing instantaneous vorticity plots, for a normalised advance ratio of ¹¤ = 0:51. As
in the case of the moving ground con¯guration test results presented in Figure
5.24 in Chapter 5, little correlation between the vorticity and cross-°ow velocity
locations could be established from the instantaneous data.
(a) ¹¤ = 0:51 Vorticity (b) w-velocity component
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(c) Instantaneous vorticity (d) w-velocity component
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Figure C.14: Instantaneous vorticity and w-velocity component plots. In
these cases, the rotor was quasi-trimmed and at a ground distance of 1.0R and
was operated with the ground stationary (Vg=V1 = 0), at a normalised advance
ratio of ¹¤ = 0:51.Appendix C. Large Rotor Experimental Data 250
C.4.3 Cross-°ow Velocity Fluctuations
Unsteadiness associated with the cross-°ow velocity component in the ground ef-
fect wake is analysed by considering the root-mean-square (RMS) velocity °uctua-
tions. Cross-°ow RMS velocity °uctuation plots for the di®erent experimental con-
¯gurations are presented in Figures C.15 - C.17. In addition to the w-component
RMS °uctuations, the total RMS velocity °uctuations, derived from the three-
component velocity measurements of the wake are also presented in these plots
for a range of normalised advance ratios. As in the case of the moving ground
con¯guration (Vg=V1 = 1) results presented in Figure 5.25 in Chapter 5, compar-
isons between the RMS velocity magnitude °uctuations and the cross-°ow RMS
°uctuations in these ¯gures, revealed the peak cross-°ow °uctuations to occur in
the regions of the wake where the overall peak velocity °uctuations were observed.
Comparison of the RMS velocity °uctuation data from di®erent rotor trim con-
¯guration cases, as shown in Figures C.15 and C.16 showed little di®erences in
terms of the °uctuation magnitudes observed in the wake. Changes in the ground
boundary con¯gurations, were however seen to cause more signi¯cant variations
in the velocity °uctuations, with the moving ground boundary con¯guration seen
to cause wider regions of the wake to be a®ected by low magnitude velocity °uc-
tuations.
Figure C.15 presenting the velocity °uctuations in the °ow-¯eld produced by the
untrimmed rotor with a stationary ground boundary con¯guration (Vg=V1 = 0),
shows the total RMS velocity °uctuations as well as the cross-°ow velocity °uc-
tuations experienced in the °ow-¯eld to be higher than those seen to a®ect the
°ow-¯eld resulting from the moving ground con¯guration (Vg=V1 = 1), shown
in Figure C.17. Additionally the spread of the velocity °uctuations within the
wake also appeared to be di®erent for both the ground boundary con¯guration
cases. Figure C.15 shows the highest magnitude RMS velocity °uctuations to
occur around the centre of the mean recirculation zone, with the corresponding
peak cross-°ow velocity °uctuations, although lower in magnitudes, seen to occur
within similar regions. In the case of the moving ground con¯guration, shown in
Figure C.17, both the peak RMS velocity °uctuations and the cross-°ow velocity
°uctuations were seen to occur in regions corresponding to the location of the loopAppendix C. Large Rotor Experimental Data 251
of high magnitude positive vorticity within the recirculation zone. With the dis-
persion of vorticity within the °ow-¯eld caused by the moving ground boundary
con¯guration greater than the stationary ground con¯guration, this explains the
di®erences in location and magnitudes of the peak velocity °uctuations.
(a) ¹¤ = 0:64: RMS Velocity Magnitude (b) RMS w-component
r/R
y
/
R
 
 
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Freestream
r/R
y
/
R
 
 
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Freestream
(c) ¹¤ = 0:72: RMS Velocity Magnitude (d) RMS w-component
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(e) ¹¤ = 0:79: RMS Velocity Magnitude (f) RMS w-component
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(g) ¹¤ = 0:87: RMS Velocity Magnitude (h) RMS w-component
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Figure C.15: RMS velocity °uctuations showing the total velocity °uctuations
and the cross-°ow (w) velocity °uctuations experienced in the °ow-¯eld. In
these cases, the rotor was untrimmed and at a ground distance of 1.0R and was
operated with the ground stationary (Vg=V1 = 0).Appendix C. Large Rotor Experimental Data 252
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(c) ¹¤ = 0:62: RMS Velocity Magnitude (d) RMS w-component
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Figure C.16: RMS velocity °uctuations showing the total velocity °uctuations
and the cross-°ow (w) velocity °uctuations experienced in the °ow-¯eld. In
these cases, the rotor was quasi-trimmed and at a ground distance of 1.0R and
was operated with the ground stationary (Vg=V1 = 0).Appendix C. Large Rotor Experimental Data 253
(a) ¹¤ = 0:45: RMS Velocity Magnitude (b) RMS w-component
r/R
y
/
R
 
 
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Freestream
r/R
y
/
R
 
 
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Freestream
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Figure C.17: RMS velocity °uctuations showing the total velocity °uctuations
and the cross-°ow (w) velocity °uctuations experienced in the °ow-¯eld. In
these cases, the rotor was untrimmed and at a ground distance of 1.0R and was
operated with the ground moving (Vg=V1 = 1).References
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